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Zusammenfassung
Die Geshihte der Neutrinophysik begann im Jahr 1930, als Wolfgang Pauli, auf der
Suhe nah einer Lösung des Rätsels um den Betazerfall, ein leihtes, neutrales Teilhen
postulierte. Er nannte dieses Teilhen zunähst Neutron, ehe es dann von Fermi den Namen
Neutrino erhielt. Pauli hätte sih wohl damals niht träumen lassen, dass 75 Jahre später
für den Nahweis dieser Teilhen Detektoren mit einem instrumentierten Volumen von
bis zu einem Kubikkilometer existieren bzw. sih im Bau benden würden. Eines dieser
riesigen Neutrinoteleskope ist das ANTARES-Experiment [ANT99℄. Dieses 0.03 km
3
groÿe
Neutrinoteleskop wird derzeit vor der Französishen Mittelmeerküste in 2400m Meerestiefe
aufgebaut.
Wie der Name Teleskop bereits andeutet, haben Neutrinoteleskope die Vermessung von
aus groÿen Entfernungen kommenden Signalen zum Ziel, in diesem Fall von Neutrinos,
die im Kosmos erzeugt werden. Man geht davon aus, dass die meisten Quellen kosmish-
er Gamma-Strahlung, wie z.B. Gammastrahlenblitze (engl. Gamma Ray Bursts), Aktive
Galaktishe Kerne oder Supernova-Überreste, neben Gammastrahlen auh hohenergetis-
he Neutrinos, d.h. Neutrinos mit Energien > 1GeV, in groÿer Zahl produzieren. Neutri-
nos haben wegen ihres sehr kleinen Wirkungsquershnittes die vorteilhafte Eigenshaft, nur
sehr shwah mit dem interstellaren Medium oder stellarem Staub zu wehselwirken, und
können daher praktish aus beliebig groÿen kosmishen Entfernungen ohne Abshwähung
zu uns auf die Erde gelangen. Der extrem kleine Wirkungsquershnitt birgt jedoh gle-
ihzeitig auh den groÿen Nahteil, dass Neutrinos nur mit Hilfe sehr groÿer Targetmassen
nahweisbar sind. Aus diesem Grund benutzen Neutrinoteleskope wie ANTARES natürlih
vorkommende groÿe, optish transparente Volumina, wie z.B. das Meer, als Detektormedi-
um.
Neutrinos können nur indirekt, über ihre Reaktionsprodukte, nahgewiesen werden. Exper-
imente wie ANTARES nutzen für den Nahweis der Reaktionsprodukte den so genannten
Cherenkov-Eekt [Che37℄: Wenn geladene Teilhen ein Medium mit einer Geshwindigkeit
durhiegen, die gröÿer als die Lihtgeshwindigkeit in diesem Medium ist, emittieren
sie entlang ihrer Bahn unter einem festen, vom Brehungsindex des Mediums abhängi-
gen Winkel Photonen. Für Meerwasser liegt dieser Winkel bei a. 42
◦
. Die Cherenkov-
Photonen können mit Hilfe von Photomultipliern nahgewiesen werden. Aus den gemesse-
nen Photonensignalen werden dann wiederum die Energie und Rihtung des primären
Neutrinos rekonstruiert.
Der ANTARES-Detektor wird in seiner endgültigen Form aus 900 Optishen Modulen
(OMs) bestehen, die je einen Photomultiplier enthalten, der über ein Verbindungskabel
mit der Ausleseelektronik im Lokalen Kontrollmodul (LCM) verbunden ist. Die OMs sind
in Stokwerken zu je drei Stük an vertikalen Kabelstrukturen, den so genannten Strings,
befestigt. Der gesamte Detektor wird aus 12 solher Strings bestehen, mit je 25 Stok-
werken in einem vertikalen Abstand von 14.5m. Abbildung 1 zeigt eine künstlerishe
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Abbildung 1: Künstlerishe Darstellung des
ANTARES-Detektors [Mon℄. Statt der eigentlihen
25 sind zur besseren Übersihtlihkeit nur 8 Stok-
werke je String gezeigt.
Hydrophone
LCM
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EMC
Abbildung 2: Shematishe Ansiht eines
ANTARES-Stokwerks. Das elektromehanishe
Verbindungskabel (EMC) ist in shwarz eingeze-
ihnet. Während das Lokale Kontrollmodul (LCM)
und die OMs auf allen Stokwerken installiert wer-
den, sind das für die akustishe Positionsmessung
vorgesehene Hydrophon und der zur optishen
Kalibration gedahte LED-Strahler (LED beaon)
nur einmal alle fünf Stokwerke vorgesehen.
Darstellung des ANTARES-Detektors [Mon℄, mit 8 statt der eigentlihen 25 Stokwerke.
Ein einzelnes Stokwerk als Detailansiht ist in Abbildung 2 gezeigt.
Die Rekonstruktion der Neutrinorihtung und -energie aus den in den Optishen Mod-
ulen gemessenen Signalen gestaltet sih, je nah Ereignisart, untershiedlih kompliziert.
Übliherweise sind Neutrinoteleskope auf die Rekostruktion von Myon-Ereignissen opti-
miert, d.h. auf Ereignisse, bei denen das Neutrino unter Austaush des geladenen Stroms
mit einem Nukleon aus dem es umgebenden Medium wehselwirkt und ein Myon und einen
hadronishen Shauer erzeugt. Da das Myon bei den betrahteten Energien eine sehr viel
gröÿere Reihweite als der Shauer hat, ist es in den meisten Fällen das einzige Teilhen,
das den Detektor erreiht. Dabei produziert es Cherenkov-Photonen unter einem festen
Winkel entlang seiner geraden Spur, sodass die Rihtung des Myons, und damit auh die
des Neutrinos, auf einige Zehntelgrad genau bestimmt werden können. Ein Nahteil für
diese Art von Ereignissen ist jedoh, dass die Energie shwierig zu rekonstruieren ist, da
unbekannt ist, welher Anteil der Myonenspur auÿerhalb des Detektors verlief.
Das Myon ist jedoh niht das häugste Endprodukt in einer Neutrinoreaktion. Dies sind
vielmehr die hadronishen Shauer, wobei angemerkt werden muss, dass bei ANTARES
aufgrund der im Verhältnis zu den Ausdehnungen eines Shauers groben Instrumentierung
niht zwishen hadronishen und elektromagnetishen Shauern untershieden werden kann,
zumal bei den für diese Studie relevanten Energien im TeV-Bereih und darüber auh
der überwiegende Anteil der Teilhen im hadronishen Shauer aus elektromagnetishen
Wehselwirkungen stammt. Hadronishe Shauer werden sowohl in Neutrinoreaktionen mit
geladenem Strom als auh in solhen mit neutralem Strom erzeugt. In letzteren sind sie sog-
ar die einzigen nahweisbaren Bestandteile des Endzustandes, da als weiteres auslaufendes
VTeilhen ein Neutrino erzeugt wird, welhes niht beobahtet werden kann. Die Rekon-
struktion hadronisher Shauer ist daher von groÿem Interesse, da sie die Untersuhung
zusätzliher Ereignisklassen ermögliht und somit die durh den kleinen Wirkungsquer-
shnitt bedingt geringe Ereignisrate erhöht.
Nahteilig auf die Rekonstruierbarkeit von Shauern wirkt sih jedoh deren Rihtungs-
und Abstrahlharakteristik aus. Typishe Shauerlängen bei den betrahteten Energien
zwishen 100GeV und 100PeV betragen um die 10m, was im Verhältnis zu den Abstän-
den der einzelnen Detektorstrings, die zwishen 60m und 75m liegen, klein ist. Shauer
können somit als quasi punktförmige Ereignisse im Detektor betrahtet werden. Sie werden
auh nur dann detektiert, wenn die Neutrinoreaktion im instrumentierten Volumen oder
innerhalb eines Bereihes von ∼ 100m um den Detektorrand erfolgte, während Myonen
noh Kilometer von ihrem Entstehungsort entfernt registriert werden können, wenn sie in
Rihtung des Detektors iegen. Die Sensitivität des Detektors ist daher für Shauerer-
eignisse erheblih kleiner als für Myonereignisse. Die kurze Shauerlänge ist auh dafür
verantwortlih, dass der Rükshluss vom Shauersignal auf die Neutrinorihtung unge-
nauer als im Fall des Myons ist. Aufgrund der groÿen Zahl von Sekundärteilhen im
Shauer, die keineswegs alle in Rihtung der Shauerahse erzeugt werden, haben die von
diesen Sekundärteilhen erzeugten Cherenkov-Photonen vershiedene Winkel in Bezug auf
die Shauerahse. Somit entsteht hier auh kein klarer, sharfer Kegel wie beim Myon, son-
dern eine breite Verteilung, die lediglih ihr Maximum im Bereih des Cherenkov-Winkels
von 42◦ hat. Abbildung 3 zeigt diese Polarwinkelverteilung für vershiedene Energien
in logarithmisher Darstellung, sowie eine im Rahmen dieser Arbeit erstellte Parameter-
isierung dieser Verteilung.
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Abbildung 3: Polarwinkelverteilung der Cherenkov-Photonen in Bezug auf die Shauerahse für je eine
Dekade in der Shauerenergie, von 300GeV bis 30 PeV, und die zugehörige Parameterisierungsfunktion,
die dem mittleren logarithmishen Energiewert des jeweils betrahteten Energiebereihs entspriht.
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Während bei der Rihtungsrekonstruktion von Shauern also mit shlehteren Ergebnis-
sen als bei Myonen zu rehnen ist, erwartet man ein deutlih besseres Ergebnis für die
Energierekonstruktion des Shauers, da dessen gesamte Energie innerhalb eines verhältnis-
mäÿig kleinen Volumens deponiert wird und man von der Annahme ausgehen kann, dass
die ausgesandte Lihtmenge proportional zur Energie des Shauers ist. Die Lihtmenge pro
Ereignis lässt sih aus den in den Optishen Modulen gemessenen Amplituden berehnen,
indem diese auf die Entfernung zum Reaktionsort und die Winkelakzeptanz der Optis-
hen Module in Bezug auf die Photonrihtung korrigiert wurden. Zusätzlih wird die in
Abbildung 3 gezeigte Polarwinkelverteilung der Photonen verwendet, um eine Hohreh-
nung auf die Photondihte des gesamten Raumwinkels vorzunehmen. Da für die genannten
Berehnungen die Shauerrihtung benötigt wird, bietet sih eine kombinierte Rekonstruk-
tion von Shauerrihtung und -energie an, wobei beide Gröÿen gleihzeitig variiert wer-
den. Das Aunden der idealen Werte erfolgt über den Abgleih der für einen momentan
angenommenen Wert von Shauerrihtung und -energie erwarteten Amplitude in jedem
einzelnen Optishen Modul mit der tatsählih gemessenen Amplitude. Mit Hilfe eines
Log-Likelihood-Fits werden Rihtung und Energie dann variiert, bis die maximale Übere-
instimmung gefunden ist.
Der Algorithmus erlaubt die Rekonstruktion der Shauerrihtung mit einer Auösung
von ∼ 10◦ im Median, für Ereignisse mit einer rekonstruierten Shauerenergie > 5TeV.
Durh weitere geeignete Shnitte kann der Gesamtwinkelfehler für einzelne Energiebere-
ihe auf Werte bis 2◦ reduziert werden, wie aus Abbildung 4 (links) ersihtlih wird. Hier
wurde für die jeweils gezeigten Bereihe in der wahren Shauerenergie der Median des
Gesamtwinkelfehlers berehnet. Während die Winkelauösung bis zu einer Shauerenergie
von a. 300TeV stetig besser wird, steigt sie für noh gröÿere Energien wieder leiht an,
was daran liegt, dass dann für die meisten Optishen Module das Sättigungsniveau der
Ausleseelektronik erreiht ist.
Zur Darstellung der erzielten Auösung für die Shauerenergie wird auf der rehten Seite
von Abbildung 4 der Logarithmus des Quotienten von rekonstruierter und wahrer Shaueren-
ergie gezeigt. Der Groÿteil der Ereignisse liegt nahe Null, was einer Übereinstimmung
der beiden Werte entspriht. Aus der Standardabweihung von 0.17 ergibt sih, dass die
Shauerenergie bis auf einen Faktor 100.17 ≈ 1.5 genau bestimmt werden kann. Dieser
Wert wird durh einige Ereignisse bei zu klein rekonstruierten Energien noh verfälsht;
die wahre Breite des Maximums, erkennbar durh die an die Verteilung angepasste, in
rot eingezeihnete Gauÿkurve, liegt bei ∼ 0.14, was einem Faktor von 1.4 in der Energie
entspriht.
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Abbildung 4: Median des Gesamtwinkelfehlers, aufgetragen über der wahren Shauerenergie (links), und
Energieauösung in Bezug auf die Shauerenergie (rehts), für Neutralstromereignisse, nah Shnitten.
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Die Ezienz der Shnitte, d.h. der Anteil der den Shnitt passierenden Ereignisse mit
gutem Ergebnis (Winkelfehler < 10◦), liegt für Shauerenergien oberhalb von 10TeV bei
a. 70%, wie aus Abbildung 5 (links) ersihtlih wird. In derselben Abbildung rehts ist
die Reinheit der Shnitte, d.h. der Anteil der Ereignisse mit gutem Ergebnis (Winkelfehler
< 10◦) nah den Shnitten an der Gesamtzahl der den Shnitt passierenden Ereignisse,
gezeigt. Die Reinheit erreiht einen Wert von a. 80% zwishen 10TeV und 1PeV.
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Abbildung 5: Ezienz (links) und Reinheit (rehts) der vorgenommenen Shnitte, aufgetragen über der
wahren Shauerenergie.
Bei den gezeigten Ergebnissen handelt es sih um rekonstruierte Neutralstromereignisse.
Bei diesem Ereignistyp ist der hadronishe Shauer der einzige detektierbare Bestandteil
des Endzustandes, und da das Neutrino im Endzustand einen unbekannten Energiean-
teil trägt, kann für die Primärenergie nur eine untere Grenze in Höhe der Shauerenergie
angegeben werden. Anders sieht es bei der Reaktion eines Elektron-Neutrinos über den
geladenen Strom aus. Hier geht die gesamte Energie des Primärneutrinos in einen elektro-
magnetishen und einen hadronishen Shauer über, die mit dem vorliegenden Algorithmus
gemeinsam rekonstruiert werden können. Die ermittelte Shauerenergie entspriht dann
der Neutrinoenergie, sodass für diesen Ereignistyp nah Shnitten eine Auösung erzielt
werden kann, die einem Faktor 1.4 in der Neutrinoenergie entspriht.
Die hier gezeigten Ergebnisse wurden unter der Annahme einer Sättigung der Elektron-
ik der Photomultiplier bei 200Photoelektronen (pe) ermittelt. Dieses Sättigungsniveau
entspriht der Aufnahme von Wellenformen (WF), welhe sehr bandbreiten- und speiher-
intensiv ist. Die Datennahme in diesem Modus ist mit der Elektronik der Optishen Module
zwar möglih, jedoh ist unklar, in wie weit er im fertigen Detektor wirklih genutzt werden
wird. Der alternative Aufnahmemodus wäre der so genannte Einzelelektronenmodus (SPE-
Modus), bei dem jeweils Amplitude und Zeitpunkt eines Signals aufgezeihnet werden, ohne
weitere Informationen über die Wellenform. Dieser Modus verbrauht nur etwa
1
40 der für
Wellenformen benötigten Bandbreite, hat jedoh im Hinblik auf die Shauerrekonstruk-
tion den Nahteil, dass das Sättigungsniveau hier bereits bei etwa 20 pe liegt, und daher der
Vergleih zwishen berehneter und gemessener Amplitude bei hohen Energien ungenauer
wird. Dies wird in Abbildung 6 deutlih, wo für beide Datennahmemoden der Median des
Gesamtwinkelfehlers, vor allen Shnitten, für rekonstruierte Neutralstromereignisse über
der Shauerenergie aufgetragen ist.
Die erreihte Auösung im Bereih bis ∼ 70TeV ist für das niedrigere Sättigungsniveau
sogar besser als für das höhere, da in diesem Bereih hohe Fluktuation in der Photonen-
verteilung der einzelnen Ereignissen auftreten können, die durh die niedrigere Sättigung
besser unterdrükt werden. Oberhalb von 100TeV zeigt das niedrigere Sättigungsniveau
IX
ein leihte Vershlehterung der Rihtungsrekonstruktion um a. 3
◦
im Vergleih zu einer
Sättigung bei 200 pe. Die erreihte Auösung ist jedoh immer noh gut genug, um eine
Rihtungsrekonstruktion zu ermöglihen. Zudem zeigt sih in der Energieauösung kein
nennenswerter Untershied zwishen beiden Moden.
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Abbildung 6: Median des Gesamtwinkelfehlers in Abhängigkeit der Shauerenergie, für Sättigung bei 200 pe
(WF-Modus, rote Sterne) und bei 20 pe (SPE-Modus, shwarze Kreise), vor allen Shnitten.
Vershiedene Untergrundquellen sind zu berüksihtigen: Zum einen erzeugen radioak-
tive Zerfälle und Mikroorganismen in der Tiefseeumgebung ein zeitlih und räumlih nur
langsam variierendes optishes Raushen, welhes zu unkorrelierten, einzelne Photoelek-
tronen erzeugenden Signalen in den Optishen Modulen führt. Diese Untergrundsignale
können durh entsprehend gewählte Kausalitätsbedingungen für die Signalzeitpunkte in
vershiedenen Optishen Modulen, sowie die Forderung einer Mindestamplitude, zu groÿen
Teilen unterdrükt werden.
Weitere Untergrundquellen sind atmosphärishe Myonen und atmosphärishe Neutrinos.
Atmosphärishe Myonen werden durh die Wehselwirkung kosmisher Wassersto- oder
anderer Kerne mit der Erdatmosphäre erzeugt und stellen einen gefährlihen, von oben
kommenden Untergrund für Shauerereignisse dar, wenn sie niht eindeutig als Myonen
identiziert werden können. Dies ist dann der Fall, wenn die Myonen durh starke Bremsstrahlungsver-
luste einen elektromagnetishen Shauer im Detektor induzieren, oder wenn mehrere My-
onen gleihzeitig, als so genanntes Myonenbündel, den Detektor passieren. Durh Qual-
itätsshnitte lassen sih die Myonen, die die Shauerrekonstruktion überlebt haben, zu über
99% unterdrüken. Der durh atmosphärishe Myonen erzeugte Untergrund kann zusät-
zlih reduziert werden, indem nur von unten kommende Ereignisse betrahtet werden.
Atmosphärishe Neutrinos werden wie atmosphärishe Myonen durh die Wehselwirkung
geladener kosmisher Strahlung mit der Erdatmosphäre erzeugt, können jedoh, anders
als erstere, auh von unten, durh die Erde hindurh, den Detektor erreihen. Da at-
mosphärishe Neutrinos niht von kosmishen Neutrinos untersheidbar sind, kann dieser
Untergrund durh einfahe Ereignisselektion niht unterdrükt werden; kosmishe Neutri-
nos können lediglih als Übershuss über dem erwarteten atmosphärishen Neutrinouss
detektiert werden.
Der atmosphärishe Myonen-, bzw. Neutrinountergrund dominiert das Signal der kosmis-
hen Neutrinos unterhalb von 20TeV bzw. 50TeV. Die Messung eines isotropen diusen
XFlusses ist somit nur oberhalb dieser Energien möglih. Für den verbleibenden betra-
hteten Energiebereih bis a. 10PeV werden noh 0.70 atmosphärishe Neutrinos pro
Jahr erwartet. Nimmt man an, dass tatsählih während einer einjährigen Messperiode in
ANTARES ein einziges Ereignis detektiert worden ist und dass der kosmishe Neutrinouss
proportional zu E−2ν ist, so ergibt sih daraus, mit einem Kondenzniveau von 90%, eine
enegieunabhängige Obergrenze des kosmishen Neutrinousses von
E2νΦ90% = 1.7 × 10−7GeV m−2 s−1 sr−1
für den betrahteten Energiebereih zwishen 50TeV und 10PeV. Dieser Wert ist in Ab-
bildung 7 als durhgezogene rote Linie, im Vergleih zu den für Shauer gemessenen
Obergrenzen der Neutrinoexperimente AMANDA [AMA04a℄ und BAIKAL [Wis05℄, sowie
zu den bei MACRO gemessenen [MAC03℄, bzw. für ANTARES berehneten [Zor04℄
(graue Linien) Obergrenzen für Myon-Ereignisse, gezeigt. Die in grün gezeigten atmo-
sphärishen Neutrinoüsse entsprehen dem Modell von Bartol [Agr96℄ für vershiedene
Einfallwinkel. Die weiteren Eintragungen zeigen vershiedene theoretishe Obergrenzen des
Neutrinousses nah Modellen von Waxman und Bahall [Bah99, Bah01℄ (blaue, mit WB
und max. extra-galati p beshriftete Linien; Mannheim, Protheroe und Rahen [Man00℄
(türkisfarbene, mit MPR beshriftete Kurven); sowie top-down-Modelle [Sig98℄ (violette,
mit TD beshriftete Linien).
Betrahtet man nur von unten kommende Ereignisse, so dominiert oberhalb von ∼ 5TeV
die Neutrinorate über der Rate fälshliherweise als von unten kommend rekonstruierter
atmosphärisher Myonen. Der kosmishe Neutrinouss übersteigt den atmosphärishen bei
50TeV, und oberhalb dieser Energie ist die erwartete Untergrundrate noh 0.35 pro Jahr.
Die insgesamt pro Jahr erwartete Untergrundrate ist also in etwa mit Null verträglih.
Unter der Annahme, dass nah einjähriger Messung in ANTARES kein einziges Ereig-
nis gefunden wurde, ergibt sih die energieunabhängige Obergrenze für den kosmishen
Neutrinouss mit einem Kondenzniveau von 90% zu
E2Φ90%
auf = 3.6× 10−7GeV m−2 s−1 sr−1.
Dieser Wert ist in Abbildung 7 als gestrihelte rote Linie eingezeihnet.
Die vorgelegte Rekonstruktionsstrategie shlieÿt eine groÿe Lüke in der Ereignisrekon-
struktion bei ANTARES, da erst durh sie die Rekonstruktion von Ereignissen mit Shauern
ermögliht wird. Damit ist nun prinzipiell die Rekonstruktion aller bei ANTARES auftre-
tenden Ereignistypen möglih. Aufgrund der ohnehin geringen Flüsse der kosmishen Neu-
trinos ist jede zusätzlih rekonstruierbare Ereignisklasse von groÿer Bedeutung für die Sen-
sitivität des Experiments.
In einer Weiterentwiklung kann durh die Verbindung dieses Rekonstruktionsalgorithmus
mit demjenigen für die Myonrekonstruktion auh eine Verbesserung in der Energierekon-
struktion von Myonereignissen erzielt werden, sofern diese so nahe am Detektor stattge-
funden haben, dass der hadronishe Shauer mit detektiert wurde. In diesem Fall können
z.B. die Energien von Myon und Shauer mit den vershiedenen Strategien getrennt rekon-
struiert und das Ergebnis dann kombiniert werden.
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Chapter 1
Introdution
When Wolfgang Pauli postulated the neutrino in 1930, he probably would not have imag-
ined that today, 75 years later, giant instruments for the detetion of what he had alled a
desperate way out of the beta deay puzzle would exist, let alone in suh hostile surround-
ings as the deep sea, or Antartia. One of these experiments is ANTARES [ANT99℄, a
neutrino telesope that is urrently under onstrution at a depth of 2400m in the Mediter-
ranean Sea.
The goal of ANTARES is the detetion of high-energy neutrinos, i.e. neutrinos with an
energy & 50GeV, from the osmos. While neutrinos generated in nulear power plants and
partile aelerators, in the atmosphere of the Earth, and also inside the Sun, have all long
been deteted in large numbers, the only neutrinos from outside our solar system that have
been measured so far are a handful of events from Supernova 1987A [Ale88, Bio87, Hir87℄
with energies in the 10 MeV range.
Strong evidene exists, however, that high-energy osmi neutrinos are generated in pow-
erful osmi partile aelerators, like Supernova Remnants or Gamma Ray Bursts: Air
shower experiments on Earth measure high rates of high-energy harged osmi rays, for
whih these stellar aelerators are possible soures. As these soures an be assoiated
with dense matter onentrations, it is expeted that a part of the aelerated osmi rays
interats with this dense matter to produe seondary photons and neutrinos. Photons at
TeV energies from these soures have already been measured, and astropartile physiists
are therefore onvined that it is only a matter of time until high-energy neutrinos will be
deteted as well. Theoretial models suggest that the ux of these neutrinos is small, with
predited values around 10−6m−2 s−1 sr−1 for energies above 1TeV. Also, the ross setion
of neutrinos is very small, beause they only interat through the weak fore.
The detetion eieny therefore depends ruially on the size of the detetor. To enable
an experiment to measure a statistially relevant neutrino rate, huge target masses have
to be instrumented. This is the reason why neutrino detetors use natural targets like the
sea or the Antarti ie. The transpareny of these targets is an important fator for the
neutrino detetion, beause neutrinos an only be deteted indiretly, through seondary,
harged partiles. When travelling faster than the speed of light in the medium, these
harged partiles produe light, the so alled Cherenkov radiation [Che37℄, whih is de-
teted by photomultipliers of the experiment.
Generally, the inelasti neutrino-nuleon interation ross setion exeeds that of the
neutrino-eletron interation by several orders of magnitude
1
. When a neutrino inter-
ats inelastially with a nuleon, a hadroni shower and a lepton are produed, the type of
1
with the exeption of the W -resonane at 6.3 PeV in the hannel ν¯e + e
− →W → anything.
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the latter depending on the avour of the inident neutrino (νe, νµ or ντ ), and the type of
interation: In harged urrent reations, a harged lepton orresponding to the neutrino
avour is produed; in neutral urrent reations, the nal state lepton equals the inident
neutrino. The interation hannels for anti-neutrinos are equivalent, and in the following,
if a neutrino hannel is mentioned, the respetive anti-neutrino hannel is always meant as
well.
From the detetion point of view, the most favourable seondary lepton from a neutrino
interation is the muon, beause it an travel over distanes up to several km in water,
emitting Cherenkov light at a xed angle along a straight trak. This allows for the re-
onstrution of the muon diretion with sub-degree resolution. Therefore, experiments like
ANTARES have been optimised for muon detetion, and most of the studies onduted so
far have speialised on muon reonstrution. This implies, however, the loss of those event
lasses whih are not haraterised by an isolated muon trak, but instead, by asades:
Hadroni asades our in all neutrino-nuleon interations  in neutral urrent reations,
the hadroni asade is even the only detetable part of the interation; eletromagneti
asades are generated from seondary eletrons in the harged urrent interations.
This thesis presents the rst full and detailed reonstrution strategy inside ANTARES
for this lass of asade-, or shower-type events
2
. For the reonstrution of these events,
a pattern mathing algorithm has been developed. The basi feature of this algorithm is
the mathing between the amplitudes measured in the photomultipliers of the detetor,
and their expeted values whih are alulated assuming a starting value for the energy
proportional to the amount of light that is measured in the shower. Under the assumption
of a ertain position and diretion of the shower, and onsidering the photon diretions
distributed aording to a parameterisation derived from simulations, the expeted am-
plitude for eah photomultiplier is alulated. The photon attenuation in water and the
angular eieny of the photomultipliers are taken into aount. The mathing of the al-
ulated and the measured amplitudes in eah photomultiplier is then tested by a likelihood
funtion. Shower diretion and energy are varied until the likelihood, and therefore the
agreement between expetation and measurement, beomes maximal.
With this algorithm it is possible to reonstrut the diretion of a shower in ANTARES
with a resolution as good as 2◦. The resolution for the reonstrution of the shower energy
is usually obtained by tting a Gaussian to the distribution of log10(Ereco/EMC). The
width σE of the Gaussian desribes the logarithmi energy resolution. In this study, a
resolution of σE = 0.16 is reahed, whih orresponds to a fator of 10
0.16 ≈ 1.4 in the
shower energy. In the ase of harged urrent interations of eletron neutrinos, the shower
energy is equivalent to the neutrino energy; for neutral urrent interations, the neutrino
arries away part of the energy, and the reonstruted shower energy only provides a lower
limit on the primary neutrino energy, whih introdues an additional bias and error. In
omparison, for muon events, resolutions as good as a few tenths of a degree are reahed
for the reonstrution of the diretion, but the muon energy an only be determined within
a fator of 2  2.5, and provides, as for neutral urrent events, only a lower limit of the
primary neutrino energy.
The ontent of this thesis is the following: In Chapter 2, a general introdution to the
soures and uxes of osmi rays is provided, together with a short overview of the history
of neutrino physis. Generation mehanisms for high-energy osmi partiles are explained,
and a list of the possible or known soures of high-energy neutrinos is given. Chapter 3
2
In 2000, F. Bernard [Ber00℄ has onduted a simplied study on showers in ANTARES, whih did
however not beome part of the oial ANTARES software.
3illustrates neutrino interations and the detetion of the seondaries and disusses the
expeted neutrino uxes. Chapter 4 gives an overview of the ANTARES detetor. In
Chapter 5, possible event types in ANTARES are presented, and harateristis of eletro-
magneti and hadroni showers are disussed. In Chapter 6, various bakground soures,
both from atmospheri partiles and from optial noise in the deep sea, are desribed.
Dierent possible algorithms for an individual alulation of the shower position, diretion
and energy are disussed in Chapter 7. The nal strategy for the shower reonstrution is
explained in Chapter 8. A set of uts to separate well reonstruted events from poorly
reonstruted ones is desribed in Chapter 9 whih also overs the suppression of atmo-
spheri muon bakground. The results for dierent data samples, both neutral urrent
and harged urrent νe events, before and after the uts, are presented in Chapter 10,
together with eetive areas and a sensitivity estimate for diuse neutrino ux. Finally,
in Chapter 11, a summary and an outlook to further developments is given.
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Chapter 2
Cosmi High-Energy Partiles
The osmi high-energy partiles whih arrive at Earth an be divided into three lasses:
Charged partiles, denoted osmi rays for historial reasons, gamma rays, i.e. high-energy
photons, and neutrinos.
The detetion of osmi rays, almost 100 years ago, opened the new window of non-optial
astronomy and onsequently led to the development of stellar aeleration models whih
predit the generation of high-energy neutrinos. It is therefore appropriate to start this
hapter with a short historial introdution on osmi rays in Setion 2.1, together with a
desription of the measured energy spetrum. Thereafter, a brief overview of the history of
neutrino physis follows in Setion 2.2. Setion 2.3 desribes some models for the generation
of high-energy partiles in the osmos, while Setion 2.4 omments on known and possible
soures, with a fous on high-energy neutrinos.
2.1 Cosmi Rays: History and Measured Spetrum
2.1.1 History of Cosmi Ray Detetion
The Earth's exposure to radiation from spae was disovered as early as 1912 by the
Austrian physiist Vitor Hess (1883 - 1964). At that time ionising radiation on Earth had
already been deteted, but the soure of it was still unertain. It was (orretly) believed
that this radiation ame from radioative deays in roks or other ground matter, and
therefore it was expeted that with inreasing altitudes the radiation would derease and
nally vanish. In an attempt to study this hypothesis, Hess measured the ionisation during
several balloon experiments, and found that instead of vanishing, the radiation inreased
with inreasing altitude, whih led him to the onlusion that the Earth is exposed to
ionising radiation from outside the atmosphere. Hess was awarded the Nobel Prize for this
disovery in 1936.
In the deades that followed, osmi rays were studied mainly with balloon experiments,
and later with satellites. However, also ground-based experiments were onstruted, the
rst one by Pierre Auger (1899 - 1993), who disovered extensive air showers, aused
by the interation of high-energy harged primaries with the atmosphere, in 1938. The
energy ontained in these showers turned out to be several orders of magnitude larger
than the energy of the osmi rays measured with balloons. Starting from 1946, arrays of
interonneted detetors to study extended air showers were onstruted by groups in the
USSR and the USA. It beame lear that the osmi ray ux dereases with inreasing
energy, aording to a power law (f. Setion 2.1.2 and Figure 2.1). Cosmi ray experiments
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have therefore been built on larger and larger sales, in order to detet partiles at highest
energies. The largest air shower array to date, the Pierre Auger Observatory [Aug01℄ whih
is under onstrution in Argentina, will over an area of 3000 km
2
. Its size will allow for
the measurement of about 30 osmi ray events with energies above 1020 eV a year [Aug01℄.
The ompletion of the experiment is expeted for mid-2006.
2.1.2 The Cosmi Ray Spetrum
Cosmi rays onsist of ionised nulei, where, for partile energies below some TeV, protons
aount for the largest fration, about 90%; helium nulei make up for about 9% of all
osmi rays, and the rest onsists of heavier nulei up to iron.
The ux of the all-partile spetrum an be desribed by a power law,
dN
dE
∝ E−γ ,
where γ ≈ 2.7 for energies . 4 × 1015 eV. Figure 2.1 shows the energy spetrum for the
all-partile osmi radiation in an energy range between 106 eV and 1021 eV. Note that the
ux shown in this gure was multiplied by E2.5, and therefore the spetrum appears less
steep. Above about 4× 1015 eV, the osmi ray spetrum steepens to γ ≈ 3; beause of
this hange in the slope, the region is referred to as the knee. This eet an be explained
phenomenologially by assigning a ut-o energy to the osmi ray omponents, propor-
tional to their harge or mass [Hoe04℄. This would also explain why at around 4× 1017 eV,
the slope beomes even steeper, an eet that is alled the seond knee. This steepening
ould be aused by the ut-o of heavier elements in the osmi rays. There are theoretial
models [Gai05℄ whih support this explanation by assigning an upper energy limit to some
of the osmi ray soures, so that above a ertain energy the proton ux from this soure
is ut o. Heavier nulei have larger harges and must therefore be aelerated to larger
energies E to ahieve the same rigidity R as the protons, R = E/(ZeB), where Ze is the
harge of the nuleus and B the magneti eld whih the nuleus propagates through.
Consequently, for heavier elements, the uto lies at higher energies. Conneted with this
suggestion is the assumption that for energies above the knee, heavier nulei start to dom-
inate over the protons. The exat omposition of the osmi rays at these high energies
is very diult to measure, as experiments on Earth only detet the seondaries of the
osmi rays, after their interation with the atmosphere. Nevertheless, many important
improvements have been ahieved during the last years, e.g. by the KASCADE air shower
array [KAS03, KAS04℄.
The osmi ray spetral index remains stable up to ∼ 1019 eV. Then the spetrum seems
to beome harder again, an eet whih is alled the ankle. A possible explanation [Pet61℄
for this eet is that an extra-galati omponent begins to dominate the spetrum at
this energy. However, statistis beomes very small above 1019 eV, and dierent exper-
iments are no longer in agreement with eah other (see below). From the theoretial
point of view, it is expeted that protons with an energy of some 1019 eV start interating
with the Cosmi Mirowave Bakground by formation of ∆-resonanes, whih would limit
their range to ∼ 50Mp. This eet is alled the Greisen-Zatsepin-Kuz'min-uto (GZK-
uto) [Gre60, Zat66℄ and applies to heavier nulei as well, at the orresponding resonane
energies. Additionally, these heavier nulei lose energy by induing photo-pair prodution
on the Cosmi Mirowave Bakground. If the GZK-mehanism holds, the soures of the
highest-energy osmi rays measured on Earth must lie within the range of the primary
nulei. As urrently no potential soure for partiles of suh high energies is known in the
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viinity of our galaxy, a drop in the osmi ray ux should be observed at the GZK-energy.
However, only the measurement of the Fly's Eye Observatory [Fly99℄ supports this expe-
tation, whereas the AGASA Experiment [AGA01℄ observes a attening of the spetrum,
bak to smaller values of γ. The statistis of both experiments are limited; lariation
is expeted from the new, muh larger Pierre Auger Observatory [Aug01℄ within the next
years.
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Figure 2.1: All-partile energy spetrum for osmi rays as measured by dierent experiments, and aord-
ing to model alulations (lines marked Z = 1 − 92 and Z = 1 − 28). Note that the spetrum has been
multiplied by E2.5. The energies of the knees and the ankle, together with the approximate slope of the
distribution, have been marked for better visualisation. After [Hoe05℄.
2.2 Neutrino Physis: Historial Overview
2.2.1 Postulation of Neutrinos and First Detetions
Neutrinos have been postulated by Wolfgang Pauli (1900 - 1958) in 1930 to solve the en-
ergy onservation problem in the beta deay of nulei. In beta deay, the fundamental laws
of the onservation of energy, momentum and angular momentum seemed to be violated.
Pauli made quite a rekless suggestion to solve the problem, he invented an additional,
hitherto unknown partile whih would be reated in the beta deay and whih would
arry the missing energy, momentum and spin. This partile would have to be neutral
and very light. Pauli suggested to all it neutron; to avoid onfusion with the nuleon of
the same name, whih was disovered two years later (1932) by James Chadwik (1891 -
1974), the name neutrino (small neutron) was invented by Enrio Fermi (1901 - 1954).
Fermi also formulated a theory for the weak fore, based on the neutrino hypothesis.
It took another 14 years, however, until neutrinos, to be more preise, eletron anti-
neutrinos ν¯e, were nally deteted for the rst time by Frederik Reines (1918 - 1998)
and Clyde L. Cowan, Jr. (1919 - 1974) at the Savannah River Plant. Reines reeived the
Nobel Prize for the detetion of the neutrino in 1995. The muon neutrino, νµ, was deteted
only a few years after the eletron neutrino, in 1962; it took another 38 years until in 2000
the nal diret evidene for the tau neutrino, ντ , was found at the Fermilab. Experimental
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results had indiated before that besides νe, νµ and ντ , no other light neutrinos should
exist (here, light means a mass of less than half the mass of the Z boson). The Z boson
has been studied extensively at the LEP experiments and its deay width ts very well to
the hypothesis of three light neutrino generations [ALE05℄.
2.2.2 Solar Neutrinos
The dominant nulear fusion reation inside the Sun is the pp-hain. Neutrinos are pro-
dued in this and several other reation hains at energies ranging from less than 0.1MeV
to 19MeV. In 1968 the rst solar neutrinos were deteted by the Homestake experi-
ment [Dav68, Dav94, Hom95℄; for a long time they were the only non-terrestrial neutrinos
to be measured. A number of large experiments like (Super)Kamiokande [Kos92, SK01℄
and SNO [SNO00℄ has been dediated to the study of solar neutrinos; in 2002, Raymond
Davis Jr. (*1914), the initiator of the Homestake experiment, reeived a Nobel Prize for
his studies of the solar neutrinos together with the initiator of the Kamiokande and Su-
perKamiokande experiments, Masatoshi Koshiba (*1926). Solar neutrino experimentalists
were onfronted with a big puzzle during long years of thorough studies: The measured
ux was signiantly smaller than expeted from theoretial preditions. Although the
surprising solution, neutrino osillation, was already proposed in the late 1960s [Gri69℄,
the nal diret evidene for neutrino osillations ould only be presented in 2001 [SNO02℄.
Very detailed and preise reviews on solar neutrinos and neutrino osillations have been
written by one of the pioneers of the eld, John N. Bahall (1934 - 2005) [Bah00, Bah04℄.
2.2.3 Cosmi Neutrinos
Even though neutrinos from the Sun have been studied for several deades, and also de-
tetors for osmi neutrinos have been planned and built for more than 20 years, osmi
neutrino researh is a young and still growing eld of studies. An overview of neutrino tele-
sopes is provided in Setion 4.6. However, none of these neutrino telesopes has yet been
able to identify any osmi neutrinos. In fat there exists only one proven soure of non-
terrestrial neutrinos besides the Sun, the Supernova 1987A: On February 23, 1987, around
7:35 UT, the neutrino observatories Kamiokande II, IMB and Baksan have deteted a total
of 25 neutrinos, with energies in the MeV range, from this Supernova [Hir87, Bio87, Ale88℄.
The energies and arrival times of the measured signals are shown in Figure 2.2. The exper-
iments had dierent energy thresholds of 6MeV (Kamiokande II), 10MeV (Baksan) and
20MeV (IMB). There are also unertainties up to 1 minute in the absolute timing of the
experiments; therefore the signals in the plot have been shifted to the same starting point.
Even though the number of deteted neutrinos from Supernova 1987A was not large, their
detetion led to huge ativities in the eld and a number of new insights, e.g. for the
theory of stellar evolution; it was also possible to derive a diret limit of mνe ≤ 20 eV
on the eletron neutrino mass, from the length of the pulse and the measured neutrino
energies [Lon94, p.79℄.
2.3 Generation of High-Energy Partiles in the Cosmos
2.3.1 Charged Partiles
High-energy osmi rays an be produed either in the bottom-up way, by aeleration, or
in the top-down way, by the deay of super-massive partiles. The following explanation
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Figure 2.2: Energy and arrival time of the neutrinos from Supernova 1987A [Hir87, Bio87, Ale88℄. The
signals of the three experiments have been shifted so that they all start at the same time.
of aeleration through the Fermi Mehanism follows the book of Gaisser [Gai90, pp.150-
155℄.
Aeleration: The Fermi Mehanism
The original Seond Order Fermi Mehanism, a theory on the aeleration of osmi rays,
was already proposed in the 1940s [Fer49℄; it implied, however, the drawbak of being
too ineient to allow for an aeleration to high energies. An alternative version of the
model was formulated by several authors in the late 1970s [Axf77, Bel78, Bla78, Kry77℄:
One onsiders an aumulation of gas through whih a shok front moves (aused by a
star explosion, for example) with a veloity ~u, see Figure 2.3, where the gas is indiated
as the light-blue bakground. The gas in front of the shok is denoted as upstream and
is onsidered to be at rest, whereas the shoked gas is denoted downstream and has a
veloity −~v relative to the shok front. Therefore, its veloity in the laboratory frame is
~V = ~u − ~v. It an be shown that the net energy gain whih a partile an reeive by
moving from upstream to downstream and being reeted by irregularities of the magneti
eld in the gas,
E′−E
E =
∆E
E , is proportional to the relative veloity between shoked and
unshoked gas,
V
c = β:
∆E
E
∝ β.
The aeleration mehanism is therefore alled First Order Fermi Mehanism. The parti-
le has to run through the yle between upstream and downstream gas several 100 times
until it is aelerated to TeV energies.
It turns out that the spetral index γ for partiles aelerated by this mehanism is inde-
pendent of the absolute magnitude of the gas veloities, but depends instead only on the
ratio of the upstream and downstream veloities, and an be approximated as γ ≈ 2.1.
The ux at the soure should therefore have the same energy dependene for all soures
inside whih this mehanism holds.
The maximum energy whih an aelerated partile an reah through this mehanism de-
pends on the lifetime of the shok front and on the strength of the magneti elds involved;
however, an aeleration to energies above ∼ 100TeV  1PeV is hard to predit applying
the model to the known, mainly galati, soures.
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Figure 2.3: Shemati illustration of the First Order Fermi Mehanism: A shok front moves with a veloity
~u through an aumulation of gas; the veloity of the shoked (downstream) gas relative to the shok front
is −~v. The energy a partile gains when moving from upstream to downstream and being reeted in the
magneti eld is proportional to the veloity of the downstream gas in the laboratory frame,
~V = ~u − ~v.
The yle between up- and downstream has to be enountered many times for an aeleration to TeV
energies. After [Gai90, p.153℄.
Top-Down Senarios
A dierent approah to explain the detetion of osmi partiles with energies > 1020 eV
are so alled top-down senarios. In these theories, instead of being aelerated by osmi
objets, the osmi rays are deay produts of super-heavy big-bang relis, whih would
have masses at the GUT-sale of 1024 − 1025 eV. These theories have neither been proven
nor disproven, but a fat that seems to ontradit them is that one would expet a large
number of ultra high-energy gamma rays to be produed in these deays, while studies on
the omposition of the highest energy osmi partiles onlude that these do not ontain
of a large fration of photons [AGA02, Ave02℄.
2.3.2 Generation of Neutral Partiles
Both photons and neutrinos have the advantage ompared to osmi rays that they are
eletrially neutral and therefore do not undergo deetion in the galati or extragalati
magneti elds. Thus, they point bak diretly to the soure where they have been pro-
dued.
There are two dierent mehanism for the prodution of high-energy gamma rays: Via the
deay of neutral pions produed in hadroni interations, or by eletromagneti intera-
tions, via inverse Compton sattering or bremsstrahlung. Neutrinos, on the other hand,
an only be generated in hadroni interations, and therefore their detetion would be a
diret proof for hadron aeleration, e.g. aording to the Fermi mehanism.
Hadroni Interations: The Beam Dump Model
The generation of high-energy neutral partiles, both neutrinos and photons, in hadroni
interations an be explained by the beam dump model. This model borrows its name from
aelerator physis, where the partile beam is turned o by deeting it into a massive
target, the beam dump. Hitting the dump, the partiles interat with the target matter
and produe a large number of seondaries, most of whih are absorbed in the dump.
The partiles in the osmi beam are the high-energy harged osmi rays, generated as
2.4. Soures of High-Energy Cosmi Partiles 11
explained in Setion 2.3.1. The osmi beam dump, and this is the ruial dierene to
a terrestrial beam dump, onsists of a diuse gas or plasma. Therefore, the range of the
mesons produed in the interations of the beam hadrons is long enough to allow them
to deay before they are absorbed, yielding neutrinos or photons as deay produts.
The most ommon mesons produed in suh a beam dump are harged and neutral pions.
The harged π± produe neutrinos in their deay hains, while the neutral π0 produes
photons (or, to a very small fration, eletrons). The prodution and deay hains yielding
neutrinos (left) and photons (right) are shown in equation (2.1). No distintion has been
made here between partiles and anti-partiles.
p+ p/γ →π±+ X p+ p/γ → π0+X (2.1)
→֒ µ +νµ →֒ γ+γ
→֒ e+ νe + νµ
A harged pion deays in 99.99% of all ases into a muon and a muon neutrino; the muon
itself deays into an eletron, an eletron neutrino and another muon neutrino. The π0
deays in 98.8% of all ases into 2 photons, or else, into an eletron-positron pair and a
photon.
For the neutrino prodution hain, it an be seen that for eah deaying π meson, three
neutrinos are produed, with a ratio νe : νµ : ντ = 1 : 2 : 0. Due to neutrino osillations,
however, one expets a ratio of νe : νµ : ντ = 1 : 1 : 1 on Earth [Ath05℄.
Eletromagneti Interations
Contrary to neutrinos, whih are only produed in hadroni interations, high-energy
gamma rays an also be generated in eletromagneti interations: Eletrons (and po-
sitrons) an be aelerated to very high energies, by the Fermi mehanism desribed above
in Setion 2.3.1 or in eletromagneti elds; those eletrons produe high-energy gamma
rays via bremsstrahlung in the medium that surrounds the soure or by inverse Compton
sattering, when they transfer a part of their energy to an ambient photon, whih then
leaves the soure as a high-energy gamma ray.
However, the fat that gamma rays interat eletromagnetially also limits their range, be-
ause they interat with photons in the interstellar medium. The main interation partners
of high-energy gamma rays are photons in the infrared or radio region, and photons from
the Cosmi Mirowave Bakground. The latter have a mean energy of the order of 10−4 eV,
so that the ross setion for the prodution of an eletron-positron-pair is maximal when
the high-energy gamma has an energy of ∼ 1015 eV. For this energy the mean photon range
reahes its minimum of only ∼ 10 kp, whih is approximately the distane from Earth to
the Galati Centre. Figure 2.4 displays the orrelation between the photon range and the
photon energy.
Neutrinos, on the other hand, do not interat eletromagnetially, and their range is not
limited by any interation partners in the interstellar medium. They ould thus be used
as messengers even for very distant soures.
2.4 Soures of High-Energy Cosmi Partiles
Generally speaking, all galati or extragalati objets where large amounts of energies
are released are possible soures of high-energy osmi partiles. The andidate soures
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After [Kou01℄.
listed here have been observed by the photons they emit, whih an have all possible
wavelengths from radio over visible and X-ray up to wavelengths of 10−21m for gamma rays
with energies in the range of around 1PeV, the highest energies whih an be measured by
ground based gamma ray telesopes using the Imaging Atmospheri Cherenkov Tehnique,
like HESS [HES04℄. Gamma rays of even higher energies might have been deteted already
by air shower experiments, but at these energies, there exists no possibility to learly
identify the type of primary whih indued the air shower.
Gamma rays with energies in the GeV range or above annot be produed any more by
thermal proesses, they must originate from one of the aeleration mehanisms desribed
above in Setion 2.3.2. The soures of suh gamma rays are therefore of speial interest
for neutrino telesopes, as they ould be soures for high-energy neutrinos as well, if the
aeleration mehanism is of hadroni nature. Reently, the gamma ray experiment HESS
has found a TeV gamma ray soure with a spetrum favouring a hadroni aeleration
proess [HES05℄. That this is really the ase an be proven diretly only by measuring
neutrinos from the same soure.
The most important osmi aelerators, from the point of view of neutrino detetion, are
desribed in the following subsetions.
2.4.1 Supernova Remnants
Supernova Remnants are expeted to be the main soures of osmi neutrinos below 1PeV.
A Supernova Remnant is the leftover of a Supernova, the explosion of a massive star at
the end of its life. For a short time, the light of this explosion an outshine a whole galaxy.
Depending on the mass of the star, the residues of the explosion an either form a neu-
tron star or a blak hole. In the ommon shell-type Supernova Remnants, photons from
radio to TeV gamma rays are emitted from an expanding shell. As the reently measured
photon energy spetra seem to favour hadroni aeleration proesses [HES05℄, Supernova
Remnants are very strong andidates for high-energy neutrinos.
In many ases, a pulsar emerges from a Supernova explosion. Pulsars are stars with a
strong magneti eld; they are soures of high-energy gamma rays but the aeleration
mehanism is not yet understood. If protons are aelerated inside the magneti eld,
neutrinos are produed as well.
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It should be mentioned that during the Supernova explosion itself, a large number of neu-
trinos are produed, but with an energy range of only a few MeV, and thus not detetable
for a neutrino telesope like ANTARES.
2.4.2 Gamma Ray Bursts
Gamma Ray Bursts (GRBs) are probably the brightest ashes that exist in the universe.
They last only a few seonds and produe an amount of gamma rays whih outshines all
other gamma soures in the universe for the duration of the explosion.
At present there exist several dierent GRB models. Some GRBs, but not all, an be as-
soiated with an extreme Supernova, a so alled Hypernova. A Hypernova is the explosion
of a rapidly rotating, very massive star, whih ollapses into a rapidly rotating blak hole
surrounded by an aretion disk. Bursts of gamma rays are produed perpendiular to the
aretion dis; this is what is deteted as the GRB.
GRBs whih annot be assoiated with a Supernova might be aused by the merging of
a binary system of a neutron star and a blak hole, two neutron stars or two blak holes.
This merging would again lead to the formation of a blak hole, and an aretion dis with
bursts, in the same way as for the Hypernova.
The exat nature and mehanism of the aeleration of partiles inside the bursts are still
objets of speulations; it is however expeted that, assoiated with the gamma rays, a
large amount of neutrinos is produed. If these were deteted by a neutrino telesope, a
lot of questions on the mehanisms whih drive the GRBs ould be laried.
2.4.3 Ative Galati Nulei
Ative Galati Nulei (AGN) is the olletive term for Seyfert galaxies, radio galaxies,
quasars and other high-energy astrophysial objets. These objets have in ommon that
they onsist of a galaxy with a super-massive blak hole in its entre, and an aretion dis
whih builds up around the blak hole. Highly relativisti jets, whih an be up to one
Mp long, are produed perpendiular to the dis. In the speial ase of one of the jets
pointing towards the observer, the AGN is alled blazar.
AGNs have been identied as emitters of high-energy gamma rays. If these gamma rays
originate from the interations of aelerated protons in the aretion dis, neutrinos are
produed along with them. Prodution of neutrinos in the jets is expeted as well. Theo-
retial models of AGN are still highly speulative, and therefore the detetion of neutrinos
from an AGN would be a great step forward in the examination of these objets.
2.4.4 Miroquasars
Miroquasars are interpreted as galati binary systems emitting gamma rays in a pattern
very similar to that of quasars, but with the sale of emission six orders of magnitude
smaller (1 ly, ompared to ∼ 106 ly for quasars); this is where the name of these objets
originates from. Unlike quasars, Miroquasars do not onsist of a whole galaxy with a
blak hole or neutron star in its entre, but of a blak hole or neutron star of about
a solar mass, aompanied by a single star from whih it permanently aretes mass.
Therefore the relativisti jet whih builds up perpendiular to the aretion dis has a
muh shorter length. Reent alulations [Dis02, Bal03℄ have shown that Miroquasars
are very promising andidate soures for high-energy neutrinos. Numbers for the expeted
neutrino rates of seleted Miroquasars are provided in Setion 3.3.
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Chapter 3
Neutrino Interations and Detetion
While the previous hapter was dediated to the soures and prodution mehanisms of
osmi neutrinos, this hapter deals with the interations of neutrinos at (or rather inside)
the Earth and the detetion of these interations.
Setion 3.1 gives an overview of the possible interations and the ross setions involved.
Setion 3.2 explains the priniple of a neutrino telesope, and Setion 3.3 presents some
preditions of neutrino uxes and equations for the alulation of variables dening the
sensitivity of the experiment.
3.1 Neutrino Interations
Neutrinos are eletrially neutral, very light leptons
1
. They interat only through the
weak fore (and, as all matter, through gravitation). Neutrino ross setions are very
small; for example, the νµ on isosalar nuleon harged urrent total ross setion is 6.77±
0.14 fb/GeV [Eid04℄2. Therefore, huge target masses are needed for the detetion, and the
detetion an only be indiret, i.e. through the detetion of the interation produts.
3.1.1 Kinemati Variables of the Interation
The reation of main interest for the neutrino detetion in water or other large volumes is
the deep inelasti sattering of a neutrino with a target matter nuleon. Figure 3.1 gives
a shemati view of the kinemati situation of the interation.
To desribe the interation mathematially, one generally uses the kinemati variables
Q2, x and y. Q2 is the negative squared four-momentum transfer between the inoming
and the outgoing lepton:
Q2 := −(p− p′)2. (3.1)
For high-energy neutrinos, the interation partner an be onsidered to be at rest, so that
the rest frame of this partile is equivalent to the laboratory system. For this ase, the
Bjorken variable x is dened as
1
The ombination of results from diret and indiret measurements leads to mass limits of . 2 eV for
all three avours [Eid04℄.
2
The energy-dependene of the neutrino-nuleon ross setion an be onsidered as linear in the GeV
region.
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p = (E, ~p)
ν
p′ = (E′, ~p ′)
l′
−Q2 W,Z
P = (M,~0)
P ′ = (M ′, ~P ′)
Figure 3.1: The kinemati situation of the interation: a neutrino with four-momentum
p = (E, ~p ) ≈ (|~p|, ~p ) interats with a nuleon with mass M whih is at rest before the interation; the
nal produts are a lepton l′ and a hadroni shower of momentum ~P ′ and mass M ′ > M .
x :=
Q2
2M(E − E′) . (3.2)
For elasti interations, Q2 = 2M(E−E′), so that x ≡ 1. For inelasti reations, however,
0 < x < 1, beause in this ase Q2 = 2M(E − E′) +M2 −M ′2. x is therefore a measure
for the inelastiity of the interation [Pov01, p.91℄. The hypothetial ase of x ≡ 0 would
be reahed if all energy of the neutrino went into the hadroni shower, suh that E′ = 0.
M ′ would then reah its maximum value of M ′ =
√
M2 + 2ME, and Q2 = 0. Therefore,
the larger M ′, the smaller x. The high-energy neutrino interations whih are subjet of
this study are deep inelasti, and haraterised by x≪ 1.
The Bjorken variable y is dened in the laboratory system as
y :=
E − E′
E
. (3.3)
y is therefore the relative energy transfer from the neutrino to the hadroni system.
3.1.2 Interation Types and Cross Setions
Neutrino interations with matter are to a large extent dominated by the inelasti sat-
tering of the neutrino on a target nuleon, for whih the ross setion is generally several
orders of magnitude larger than for the interation of a neutrino with an eletron. An
exeption to this, the Glashow resonane, is disussed below.
Neutrinos an interat with a nuleon by exhanging a harged W± or a neutral Z0 bo-
son. The rst interation type is alled Charged-Current interation, abbreviated CC
interation, while the seond type is alled Neutral-Current interation, abbreviated NC
interation. Beause of the eletro-weak oupling terms whih must be taken into aount
for the neutral urrent interations, the NC ross setions are only about one third of the
CC ross setions.
There exist several software pakages for the alulation of neutrino ross setions whih
have been ompared in detail by [Gan96℄. The authors nd that the dierent models agree
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well up to ∼ 107GeV, while for the highest onsidered energies of Eν = 1020 eV, the un-
ertainty between the dierent models is ited as a fator of 2± 1.
The dierential ross setion for the CC interation νµ +N → µ− + anything, where N is
an isosalar target nuleon
3
an be expressed in leading order as [Gan96℄
d2σ
dxdy
=
2G2FMEν
π
(
M2W
Q2 +M2W
)2
[xq(x,Q2) + xq¯(x,Q2)(1 − y)2] (3.4)
where GF = 0.117 · 10−4GeV−2 is the Fermi oupling onstant (with ~c = 1), M is the
mass of the target, Eν the neutrino energy, MW the mass of the W boson and
q(x,Q2) =
1
2
(
uv(x,Q
2) + dv(x,Q
2)
)
+
1
2
(
us(x,Q
2) + ds(x,Q
2)
)
+ss(x,Q
2) + bs(x,Q
2) (3.5)
and
q¯(x,Q2) =
1
2
(
us(x,Q
2) + ds(x,Q
2)
)
+ cs(x,Q
2) + ts(x,Q
2) (3.6)
are the quark and anti-quark distribution funtions, respetively, onsisting of the distri-
butions of the valene (indexed v) and sea (indexed s) quark avours of the target.
For the NC proess νµ +N → νµ + anything, the expression for the dierential ross se-
tion is [Gan96℄
d2σ
dxdy
=
G2FMEν
2π
(
M2Z
Q2 +M2Z
)2
[xq0(x,Q2) + xq¯0(x,Q2)(1− y)2] (3.7)
where MZ is the mass of the Z boson, and the NC quark and anti-quark distribution
funtions are, respetively,
q0(x,Q2) =
(
1
2
(
uv(x,Q
2) + dv(x,Q
2)
)
+
1
2
(
us(x,Q
2) + ds(x,Q
2)
)) · (L2u + L2d)
+
1
2
(
us(x,Q
2) + ds(x,Q
2)
) · (R2u +R2d)
+
(
ss(x,Q
2) + bs(x,Q
2)
) · (L2d +R2d)
+
(
cs(x,Q
2) + ts(x,Q
2)
) · (L2u +R2u) (3.8)
and
q¯0(x,Q2) =
(
1
2
(
uv(x,Q
2) + dv(x,Q
2)
)
+
1
2
(
us(x,Q
2) + ds(x,Q
2)
)) · (R2u +R2d)
+
1
2
(
us(x,Q
2) + ds(x,Q
2)
) · (L2u + L2d)
+
(
ss(x,Q
2) + bs(x,Q
2)
) · (L2d +R2d)
+
(
cs(x,Q
2) + ts(x,Q
2)
) · (L2u +R2u). (3.9)
3
i.e. the target ontains the same number of protons and neutrons.
18 Chapter 3. Neutrino Interations and Detetion
 [GeV] )
n
 ( E
10
log
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
] )2
 
[m
s
 
( 
10
lo
g
-41
-40
-39
-38
-37
-36
-35
 CCen
 NC
m
n
 CCen
 NC
m
n
Figure 3.2: Cross setions for neutrino interations produing showers: neutral urrent interation of νµ
and ν¯µ and harged urrent interation of νe and ν¯e. The resonane for ν¯e at 6.3 PeV an be learly seen.
The plot was generated using the values of the CTEQ6 parton distribution funtions inside the ANTARES
simulation software (see Appendix A.1).
The hiral ouplings Lu,d and Ru,d are dened as
Lu = 1− 4
3
sin2 θW , Ld =− 1 + 2
3
sin2 θW
Ru = −4
3
sin2 θW , Rd =
2
3
sin2 θW (3.10)
where sin2 θW = 0.231 is the weak-mixing angle. From equations (3.4) and (3.7), the total
ross setions are determined using standard parton distribution sets like CTEQ6 [Lai95℄.
For Eν > 10
6
GeV, the largest ontribution to the ross setion by far omes from the
sea quarks, and the role of the valene quarks beomes small. The limit of Eν → ∞
orresponds to setting the valene terms in equations (3.5),(3.6),(3.8) and (3.9) to zero;
the distribution funtions for quarks and anti-quarks are then equivalent, and the ross
setions of the anti-neutrino interations oinide with those of the neutrino interations.
The total neutrino ross setions are dominated to a very large extent by the deep inelasti
sattering reations of the neutrino on the nuleon. There is, however, one exeption: For
a ν¯e with an energy of around 6.3PeV, the ross setion is dominated by the Glashow
resonane. At this energy, a W boson is produed resonantly by the CC interation of the
ν¯e with an eletron of one of the target moleules, in the hannel ν¯e+e
− →W → anything.
The ross setions for some seleted shower-produing hannels (νµ NC, ν¯µ NC, νe CC and
ν¯e CC) are shown in Figure 3.2. The neutral urrent interation of νe is expeted to be
equal to the one of νµ.
The mean values of x and y are shown in Figure 3.3 as funtions of the neutrino energy,
for dierent neutrino interation types. The values were alulated with the ANTARES
simulation software (see Appendix A.1) using the CTEQ6 parton distribution funtion
set [Lai95℄. One an see that the mean value of x dereases for higher energies; this poses
a hallenge to the predition of neutrino interations at very high energies, beause of the
inreasing unertainty of the parton distributions extrated from aelerator experiments.
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In the ase of the Glashow resonane, x is set to zero by the simulation software.
An overview of the interation produts and their harateristis is given in Setion 5.1.
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Figure 3.3: Mean values of the Bjorken variables x and y as a funtion of the neutrino energy. The values
were alulated with the ANTARES simulation (see Appendix A.1).
3.2 Neutrino Detetion
3.2.1 The Cherenkov Eet
As neutrinos are eletrially neutral, they an only be deteted by their interation prod-
uts. Beause of the small neutrino ross setions, neutrino telesopes use a large target
mass to register as many neutrino interations as possible inside, or lose to, the detetor.
The rst generation of neutrino experiments (see Setion 2.2), aiming at the detetion of
low energy neutrinos, used liquid targets of a preisely known hemial omposition, and
literally ounted the number of moleules whih had undergone an interation with a neu-
trino. A famous example for this type of detetor is the Homestake experiment [Hom95℄.
High-energy neutrino telesopes like ANTARES, AMANDA or others desribed in Chap-
ter 4, along with other, lower-energy threshold experiments dediated to the detetion of
solar and atmospheri neutrinos, like SuperKamiokande [SK01℄ or SNO [SNO00℄, are based
on a dierent detetion priniple. This type of experiment detets the interation produts
making use of the Cherenkov eet [Che37℄:
When a harged partile moves through a medium, it polarises the atoms along its traje-
tory, turning them into eletri dipoles, as shown symbolially in Figure 3.4a. As long as
the partile's speed v is smaller than the speed of light in the medium, c/n (n being the
refration index of the medium) the dipoles are orientated symmetrially around the par-
tile trak, so that the overall dipole moment is zero and no radiation is emitted. However,
if the speed of the partile is larger than c/n, the symmetry is broken, see Figure 3.4b,
and dipole radiation is emitted along the so-alled Cherenkov one. This radiation an be
measured in photon detetors.
The angle of the Cherenkov one depends on the refration index n of the medium and
the speed v = βc of the partile and an be alulated geometrially: During a time t,
the partile will move a distane d1 = βct. Light, however, will only move a distane
d2 = (c/n)t. The relation between d1 and d2 determines the Cherenkov angle ϑC :
cos ϑC =
d2
d1
=
1
βn
. (3.11)
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Figure 3.4: a) If the speed v of a harged partile traversing a medium is smaller than the speed of light in
the medium, c/n, the dipoles indued by polarisation are distributed symmetrially around the partile,
and the overall dipole moment is zero. b) If v > c/n, the dipole symmetry is broken, and radiation is
emitted along the Cherenkov one. After [Gru93, p.239℄.
For reations of high-energy neutrinos, the interation produts have a veloity v ≈ c and
thus cos ϑC ≈ 1/n.
3.2.2 Neutrino Detetion Priniple
Neutrino telesopes are generally situated deep undersea, underground or under ie, to sup-
press the high bakground aused espeially by seondary muons from osmi rays, whih
produe Cherenkov light in the target material as well. For the ANTARES experiment,
the photomultipliers are additionally orientated towards the ground, so that the sensitivity
for partiles oming from below, whih an only be neutrinos, is enhaned. The detetion
priniple is shown shematially in Figure 3.5.
Even though the ross setion of neutrino interations is very small, for neutrino energies
above about 1PeV it beomes large enough to make the Earth opaque for neutrinos. Fig-
ure 3.6 shows the interation length for neutrino-nuleon interations in terms of km water
equivalent, as a funtion of the neutrino energy. The Earth radius, in the same units, was
alulated aording to the parameterised Earth density prole [Dzi89℄ shown in Figure 3.7.
One an see that for energies above ∼ 40TeV, the neutrino interation length is smaller
than the diameter of the Earth, so that neutrinos with higher energies preferentially enter
the detetor at larger zenith angles.
Due to the smaller ross setion of NC interations, the orresponding interation length
is larger than the one orresponding to the CC interations.
3.3 Cosmi Neutrino Fluxes
In general, one distinguishes between two lasses of neutrino uxes: Diuse uxes, i.e. the
inseparable superposition of neutrino uxes from all known or hypothetial soures disre-
garding their position in spae, and uxes expeted from so-alled point soures, individual
soures of neutrinos whih, despite the misleading denomination, may also be extended.
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Figure 3.5: Detetion priniple in a neutrino telesope, shown for the example of a neutral urrent intera-
tion: The neutrino traverses Earth and interats somewhere lose to the detetor. The harged interation
produts of the hadroni asade produe superimposed Cherenkov ones, while the seondary neutrino
leaves the detetor without produing any signal.
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Before disussing the two types of uxes, the variables desribing the sensitivity of the
experiments are dened.
3.3.1 Eetive Volume and Eetive Neutrino Area
The eetive volume and the eetive neutrino area are variables whih provide objetive
measures of the sensitivity of an experiment for a seleted reonstrution strategy.
The eetive volume Veff is dened as the volume within whih the events have been
generated, multiplied by the fration of events that are suessfully reonstruted:
Veff = Vgen ·
Nf
Ngen
(3.12)
Here, Vgen is the generation volume, Ngen is the number of events whih have been gener-
ated inside Vgen and Nf is the nal number of events after the reonstrution or the quality
uts, if any have been applied. The eetive volume is generally smaller for shower-type
events than for muon-type events, beause of the muh shorter path length of the showers
whih limits the interation volume for detetable event.
The eetive neutrino area is the area that a neutrino eetively sees when traversing
the instrumented volume. It is alulated by multiplying the eetive volume Veff with the
number density of moleules in the target matter times the (energy dependent) neutrino
interation ross setion and the Earth penetration probability:
Aeff =
Nf
Ngen
· Vgen · ρ ·NA · σ(E) · PE(E, θ) (3.13)
= Veff · ρ ·NA · σ(E) · PE(E, θ). (3.14)
In this formula, ρ is the density of the medium inside whih the reation takes plae, NA
is the Avogadro number (so that ρ ·NA is the number of moleules per unit volume in the
target), σ(E) is the total neutrino-target interation ross setion and PE(E, θ) is the Earth
penetration probability whih depends on the zenith angle of the inident neutrino and the
neutrino energy, as demonstrated in Figure 3.8 taken from [Lab04℄. The Earth absorption
was simulated by [Lab04℄ aording to the Earth density prole shown in Figure 3.7 in the
previous setion.
3.3.2 Sensitivity Estimates
From the eetive neutrino area, the sensitivity for neutrino uxes from a given soure, or
for the isotropi diuse neutrino ux an be predited. Assuming a ux Φ whih is onstant
in time and isotropi within the observed angular range, one an alulate the expeted
number of events N within a given energy range {E,E + ∆E}, during the observation
period T , and within the angular element Ω as
N(E,E +∆E) = TΩ
∫ E+∆E
E
Φ(E′)Aeff (E′)dE′. (3.15)
One an invert this equation by assuming that the neutrino ux follows a spei energy
spetrum. For osmi neutrinos, one often assumes that Φ(E) = φ0 · E−2, following
the predited spetrum for the harged partile aeleration in the Fermi mehanism (see
Setion 2.3.1). The proportionality onstant φ0 an then be alulated as
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ident angles. From [Lab04℄.
φ0 =
N
TΩ
∫
E−2Aeff (E)dE
. (3.16)
The sensitivity is then desribed as the limit on the neutrino ux for a number of events
N whih is hosen aording to the Poissonian statistis for small numbers desribed
in [Fel98℄: Depending on the expeted bakground rate, one selets the highest number of
events whih, at the desired ondene level, is still ompatible with the assumption of a
bakground-only detetion. The experiment is onsequently sensitive to the detetion of
any neutrino ux ausing a higher event rate than the assumed N .
3.3.3 Neutrino Flux from Point Soures
A good angular resolution is the ruial fator for the detetion of point soures, for two
reasons: Firstly, to be able to loate, or even resolve, an individual soure as preisely as
possible, and seondly, to keep the bakground as low as possible; as the minimum size of
the angular bin inreases quadratially with the resolution, so does the rate of bakground
olleted within this angular bin. For the ANTARES experiment, theoretial event rates
for muons from galati neutrinos have been estimated for seleted soure types in [Bal03℄.
In Figure 3.9 taken from this artile, the expeted number of events from the two types
of soures whih are found to be the most promising ones in that artile, namely young
Supernova Remnants and Miroquasars, are shown as examples.
The rates for the young Supernova Remnants were alulated for a theoretial soure at
10 kp distane, 0.1 years after the Supernova explosion. The model used assumes that the
whole star has a temperature equal to the surfae temperature (no polar ap heating);
rates for initial pulsar periods of P0 = 5ms and P0 = 10ms were alulated. For this
theoretial model, the authors arrive at predited rates of up to 25 deteted events per
year. For the most promising Miroquasar GX339-4, the authors of [Bal03℄ expet a rate
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Figure 3.9: Theoretial event rates per year as funtions of the absolute soure delination in equatorial
oordinates, for muons from galati neutrinos, as alulated for the ANTARES experiment. Left: Event
rates from a young Supernova Remnant at 10 kp distane, for a model with no polar ap heating (see
text), and initial pulsar periods of P0 = 5ms and P0 = 10ms (the rates for the latter have been multiplied
by 10). Right: Event rates for a list of known Miroquasars. The rates for SorpiusX-1 and LS5039 have
been multiplied by 100, the rate for CygnusX-1 by 10. From [Bal03℄.
of 6.5 per year.
These preditions seem promising; however, muh smaller rates are derived from the mea-
surements of the TeV energy gamma ray experiment HESS [HES04℄: For the two strongest
TeV gamma ray soures found so far, RXJ0852 and RXJ1317, the detetion rates expeted
for one year of data taking in ANTARES are 0.3 and 0.1 [Kap06℄, assuming that the neu-
trino rates at the soure are equivalent to the photon rates.
In this ontext it should also be noted that in a reent study [Hei04℄ on the potential of
deteting point soures in ANTARES using the reation νµ, ν¯µ → µ± it was found that
in order to arrive at 50% probability for a 3σ disovery of an individual soure after 2
years of data taking, between 4 (for a soure delination of 40
◦
) and 8 events (for a soure
delination of -80
◦
) have to be deteted from that soure.
As the angular resolution for showers is generally poorer than for muon events, the appli-
ability of shower events for point soure searhes seems doubtful. Exat preditions on
the point soure sensitivity are beyond the sope of this study and will not be disussed
any further. We will only present a very rough estimate on the perspetives, taking into
aount the following points:
 Angular resolution:
The angular resolution an be dereased down to 2◦ with the help of some quality
uts, as will be shown in Chapter 10. This is still about ten times the angular
resolution reahed in the reonstrution of muon events. The observational bin would
therefore be 100 times larger than for muon events, whih means that a priori a
orrespondingly higher bakground rate has to be expeted. On the other hand, in a
study on the expeted muon neutrino uxes from young Supernova Remnants [Pro98℄,
it was found that even if the resolution is only 10◦, the muon neutrino ux of a
0.1 year young Supernova Remnant at a distane of 10 kp, with an initial pulsar
period P0 = 5ms, lies above the atmospheri muon neutrino ux in the 10
◦ × 10◦
angular bin, for neutrino energies above 10TeV [Pro98℄.
 Detetable event lasses:
As will be explained in more detail in Setion 5.1, the number of event lasses that
generate a shower-type event in the detetor is larger than the number of event
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lasses whih generate a muon event. Taking into aount that the ross setion for
NC interations is about one third of that of CC interations (see Setion 3.1.2), one
an estimate that all 6 NC hannels, plus the 2 hannels νe, ν¯e+N → e±+X produe
approximately twie the event rate of the two CC hannels νµ, ν¯µ +N → µ± +X.
 Eetive area:
The eetive area tends to be 10  15 times smaller for shower events than for
muon events. The reason for this is that the muh shorter length of the shower
(see Figure 5.2 in Setion 5.1) leads to a derease of the eetive volume, beause
only events that are within an absorption length of the instrumented volume an be
deteted, whereas muons an travel through several km of water towards the detetor.
Combining the two latter fators, the sensitivity for shower events deteriorates approxi-
mately by a fator of (2 · 0.1)−1 = 5. To ahieve the same sensitivity as for muons, 5 times
more events would be needed; and, taking the rst point of the list into aount as well,
one would expet a 100 times higher bakground at the same time.
More preise alulations would have to be onduted to retrieve exat preditions on the
perspetives of point soure searhes with shower events in ANTARES; at least from the
estimations presented above, the feasibility of suh a searh seems unertain.
3.3.4 Diuse Neutrino Flux
Figure 3.10 shows a olletion of theoretial preditions for the diuse neutrino ux, the
superimposed ux of all neutrinos from a ertain type of soures. The same plot, with
experimental limits added, is shown again at the end of Chapter 4 as Figure 4.15.
The solid blue line marked WB, the upper bound for diuse neutrino ux alulated by
Waxman and Bahall [Bah99℄, from now on abbreviated WB bound, is based on the uxes
of osmi rays measured at Earth at energies from 1016 − 1020 eV and on the assumption
of a osmi ray spetrum of E−2 at the soure, as predited by the Fermi mehanism, see
Setion 2.3.1. The preditions are valid for soures whih are optially thin for proton
photo-meson interations, in the sense that osmi rays or photons esape the soures and
an be measured at Earth. The WB bound is denoted to be a onservative upper bound
by the authors, beause it was assumed that the entire energy of the proton is transfered
to pions in the photo-meson prodution, while realisti is a transfer of 20% of the energy.
In alulating the upper bound, WB have assumed that only a very small fration of the
osmi ray ux in the onsidered energy region is omposed of protons and that most of
the osmi ray ux in this energy range omes from heavy nulei, for whih the photo-
dissoiation ross setion is higher than the photo-meson prodution ross setion, so that
they annot aount for a large neutrino ux. Assuming that extra-galati protons yield
a higher ontribution to the osmi ray ux than expeted, one an exeed the WB bound
in the way shown by the dashed blue urve marked max. extra-galati p [Bah01℄, whih
has however already been partially exluded experimentally, see Figure 4.15 in Setion 4.6.
Mannheim, Protheroe and Rahen [Man00℄ (abbreviated from now on as MPR) do not
assume a xed E−2 osmi ray spetrum at the soures, but take into aount soure
harateristis, like the opaity to neutrons whih determines the rate of neutrons whih
may esape the soure. These neutrons would then deay to produe protons whih would
onsequently be measured in the osmi ray ux. The authors arrive at somewhat higher
ux limits, as shown in the yan oloured lines marked MPR in Figure 3.10. The lower
line refers to optially thin soures, i.e. soures that are transparent to neutrons (under
the assumption that part of the osmi rays measured at Earth originate from neutrons
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that have esaped the soure and have then deayed into protons). If one assumes that
there exist a lot of optially thik soures, this would mean that the neutrino ux an be
muh higher than expeted from the measured osmi ray ux beause a lot of neutrino
soures remain unseen by osmi ray experiments. The upper, straight line shows the ase
of optially very thik soures. The atual upper limit on the neutrino ux is expeted
to be somewhere in between the two lines. Whether the neutrino ux of the lower urve
rises again for energies above 109GeV or not depends on the nature of the osmi rays
whih have been measured beyond the GZK uto. If they are aused by extragalati
soures, their ux is strongly damped by the GZK uto, suh that the orresponding ux
of neutrinos, whih do not suer from attenuation by the GZK mehanism, is expeted to
be muh higher; if, on the other hand, the ultra high-energy osmi rays are aused by
a single strong nearby soure, no rise in the neutrino ux is expeted; it would stay at
instead, at the limit predited by WB.
The dashed magenta lines marked TD show the preditions for some top-down mod-
els [Sig98℄. The limits refer to a model of a GUT partile with an energy of 1016GeV,
a high universal radio bakground and a relatively high extra-galati magneti eld of
10−10G. The ux limit marked by the left urve inludes supersymmetry, while the right
one does not.
The dashed-dotted green urves show the atmospheri neutrino ux, inluding prompt
neutrinos. The two upper lines mark the range of the atmospheri muon neutrino ux,
depending on the meson inident angle, while the two lower lines mark the range of the
atmospheri eletron neutrino ux. The shown ux was simulated inside the ANTARES
neutrino interation simulation (see Appendix A.1); the Bartol model [Agr96℄ was used to
retrieve the onventional ux, and the results of Naumov [Nau01℄, using the reombination
quark-parton model (RQPM) [Bug98℄, to obtain the prompt neutrino ux. See Setion 6.2
for more details on this.
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Chapter 4
The ANTARES Experiment
The ANTARES
1
ollaboration was formed in 1996 with the objetive to onstrut and
operate a neutrino telesope in the Mediterranean Sea. Currently the ollaboration onsists
of around 150 members from partile physis, astronomy and sea siene institutes in 6
European ountries. Though the main purpose of the experiment is the detetion of high-
energy osmi neutrinos, it is also intended to be used as an experimental platform for
studies of the deep-sea environment.
ANTARES is being built in a depth of 2400m in the Mediterranean Sea, about 40 km
South-East of the Frenh oastal ity of Toulon. The loation of the site is shown in
Figure 4.1. As will be disussed in more detail in Chapter 6, the loation in the deep
sea has the advantage of suppressing to a large extend the bakground of atmospheri
muons produed by osmi rays. On the other hand, the high water pressure of 240 bar, as
well as the aggressive salt water environment, impose strong requirements on the detetor
omponents whih are designed to have a lifetime of at least 10 years.
A desription of the detetor omponents and an overview of the detetor layout is given in
Setion 4.1. The eyes of the detetor, i.e. the Optial Modules whih atually detet the
Cherenkov photons emitted by the harged seondaries produed in neutrino interations
with matter, are desribed in Setion 4.2. The digitisation of the signal is explained in
Setion 4.3.1. The eieny of the detetor also depends strongly on the optial properties
of the environment, i.e. the absorption and sattering length, and the refration index, all
three of them funtions of the wavelength. These properties are desribed in Setion 4.4;
they are onstantly monitored in situ.
During the writing of this thesis, the rst out of 12 large detetor units (the so-alled
strings or lines) has been deployed; the ompletion of the detetor is forseen for the year
2007. In Setion 4.5, important milestones in the development and onstrution of the
detetor are presented, and the urrent status is reported in more detail.
ANTARES is just one of several experiments aiming at the detetion of high-energy osmi
neutrinos. Some of these experiments are already partly or fully operational, others are
under onstrution or in the planning stage. Setion 4.6 gives an overview of other neutrino
telesopes.
1
Astronomy with a Neutrino Telesope and Abyss environmental RESearh.
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Figure 4.1: Map showing the loation of the ANTARES site in the Mediterranean Sea, inluding the Frenh
oast area (in grey) and sea depths. From [ANT99℄.
4.1 Layout of the Experiment
The ANTARES Optial Modules are mounted on 12 strings, long ables whih are xed to
the sea bed by the Bottom String Soket (BSS) and are kept vertially straight by a buoy.
The BSS onsists of a dead weight, onnetors for the ables, an aousti devie to release
the string, and the eletronis of the String Control Module (SCM). The single elements
of the string are both mehanially supported and eletrially interonneted by a total of
460m of Eletro-Mehanial Cables (EMC).
One string onsists of ve setors, eah ontaining ve storeys, so that there are 25 storeys
per string. The distane between two storeys is 14.5m. The unit storey plus orresponding
EMC setion is alled Elementary Segment (ES). Eah storey is made up of three Optial
Modules (OM) whih are supported by the Optial Module Frame (OMF) (see Setion 4.2
for a more detailed desription of the OMs). The Loal Control Module (LCM) is a titanium
ontainer plaed in the middle of the OMF, housing the data read-out, lok and ontrol
eletronis for the storey. A shemati view of the string design is given in Figure 4.2, while
Figure 4.3 shows an artist's view of the arrangement of the ANTARES strings [Mon℄.
Figure 4.4 illustrates the setup of an ANTARES storey in more detail. The gure also
shows the hydrophone for the aousti positioning system and the LED beaon for the
time alibration of the photomultipliers. One hydrophone per setor is forseen in eah line,
and an LED beaon in four of the ve setors of every line. Sound veloimeters required
for the aousti positioning are also planned to be installed on 3 lines. They are not shown
in the drawing.
In addition to the 12 detetor strings, a 13th string, the Instrumentation Line, is foreseen
for the monitoring of environmental parameters. For the rst strings, it is planned to
use the MILOM, whih is already deployed at the ANTARES site, for this task. A more
detailed desription of the MILOM is given in Setion 4.5.
The detetor strings are arranged on the sea oor as an otagon, as shown in Figure 4.5.
Eah string is onneted to the Juntion Box (JB) by an eletro-optial able. The Juntion
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Figure 4.2: Shemati view of an ANTARES
string [ANT99℄. A full string ontains 25 ele-
mentary segments (ES). The abbreviations are ex-
plained in the text.
Figure 4.3: Artist's view [Mon℄ of the ANTARES
detetor (not to sale).
Box supplies the strings with eletrial power and with slow-ontrol and lok signals, and
it reeives the data taken by the OMs; it ontains power onverters and the eletro-optial
interfae for data, slow-ontrol and lok transmission. The Juntion Box is onneted to
the shore station loated at La Seyne sur Mer by the main eletro-optial able. The shore
station houses the ontrol room for the data-taking and the slow-ontrol instruments.
4.2 The Optial Modules
The Optial Modules (OMs) are the key elements of the detetor. They onsist of a
pressure-resistant glass sphere of about 43 m diameter and 15mm thikness, housing a
photomultiplier tube. A photograph of an OM is shown in Figure 4.6. This piture, as
well as all other gures in this setion, has been taken from [ANT02℄, where a more detailed
desription of the OMs an be found.
The photomultiplier tubes (PMTs) (10′′ R7081-20 from Hamamatsu) are glued to the glass
spheres with a thin layer of optial silione gel. A photograph of a PMT is shown in Fig-
ure 4.7. A age made of µ-metal, a nikel-iron alloy with very high magneti permeability
at low eld strengths, surrounds the PMT to shield the magneti eld of the Earth. A
piture of this age is shown in Figure 4.8.
The bak side of the sphere is painted blak to avoid sattered light to reah the PMT
from that diretion. It houses a penetrator whih onnets the photomultiplier eletronis
to the able leading to the LCM.
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Figure 4.4: Shemati view of an ANTARES storey. Mehanial parts are oloured in white, the LCM in
grey, the able in blak and the OMs in blue. While the LCM and the OMs are installed on all storeys,
the hydrophone (red) and the LED beaon (green) are planned approximately one every ve storeys, on
separate storeys.
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Figure 4.5: Top view of the ANTARES sea oor layout.
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Figure 4.6: Photograph of an OM, taken
from [ANT02℄.
Figure 4.7: Photograph of the 10′′ Hamamatsu
PMT. From [ANT02℄.
Figure 4.8: The µ-metal age whih is used to shield the Earth's magneti eld. From [ANT02℄.
The three OMs of one storey are xed to the OMF with an azimuthal spaing of 120
◦
with
respet to eah other. In order to inrease the sensitivity for upgoing neutrinos, the OMs
are looking downward in a 45
◦
angle. The deployment of upward looking OMs would also
bear the problem that a layer of sediment material quikly overs the glass spheres; this
aets mainly the upper half-sphere, so that a downward looking OM barely enounters
any deterioration of sensitivity. The average transmission loss after one year, at 45
◦
from
the horizontal, was measured to be around 2% [Pal01b℄.
Figure 4.9 shows some harateristis of the OM: The quantum eieny of the PMTs (a)
and the measured absorption length of the glass sphere (b) and of the silione gel (), all
as a funtion of the wavelength.
4.3 Data Taking in ANTARES
4.3.1 Data Digitisation and Data-Taking Modes
When a photon hits the PMT surfae, it produes, with a probability aording to the PMT
quantum eieny, a seondary eletron whih then travels towards the anode; asades of
seondary eletrons are produed in the 14 dynodes in-between the photoathode and the
anode, yielding an ampliation of 107−109 between the athode and the anode [ANT05d℄.
The onnetion between the anode signal, i.e. harge, and the original number of single
photo-eletrons (pe) an be found in alibration measurements. Figure 4.10 shows suh a
measurement [ANT05d℄ for a number of single photo-eletron signals (whih means that
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Figure 4.9: Charateristis of the PMTs: quantum eieny (a), measured absorption length of the glass
sphere (b) and of the silione gel (). All urves have been plotted as a funtion of the inident light
wavelength. From [ANT02℄.
laser pulses with an average number of one photon per pulse were sent to the PMT; with
Poissonian probability, also two, three or more photons are present in one pulse. The
photo-eletrons from the photon pulses are produed aording to the quantum eieny
of the PMT.).
The onversion of the PMT pulses to digital signals whih an be sent to the shore station
for further proessing and storage is done with the Analogue Ring Sampler (ARS) hip.
Eah OM is read out by two ARSs, allowing for data-taking in two dierent modes: The
Single Photo Eletron (SPE) mode and the Waveform (WF) mode. In SPE mode, harge
and time of a single pulse are onverted to a digital signal and sent to shore. In WF
mode more omplex pulse shapes an be reorded; 128 signal samples in 1 ns windows
are reorded for one signal in this mode. It therefore requires a muh higher band-width,
about a fator forty more than the SPE mode. A Pulse Shape Disriminator (PSD) in the
ARS is used to swith the data-taking to the WF mode, e.g. in the ase of a partiularly
wide pulse. As will be disussed later, for the detetion of shower events, the WF mode
is more suitable than the SPE mode, beause it allows for a larger dynamial range in
the amplitude measurement. In order to obtain a reasonable harge resolution, the ADC
settings are hosen suh that the maximum number of pe measurable with one ARS in
the SPE mode is about 20. For the WF mode, the maximum number of measurable pe,
i.e. the saturation level is ∼ 200, ten times higher than for the SPE mode.
While registering a signal in SPE mode, an ARS is ative for 25 ns. Therefore, if several
photons reah the PMT within this time period, they are all integrated as one hit. After
these 25 ns, the ARS needs 250 ns to proess the data. If another signal reahes the same
OM within the dead time, it is reorded by the seond ARS. Only the ase that both ARSs
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Figure 4.10: PMT response for a single photo-eletron signal. The x-axis shows the Analogue to Digital
Converter (ADC) hannel whih is proportional to the anode harge; eah hannel stands for about 0.25 pC
harge. The pedestal is the intrinsi noise of the PMT when the signal approahes zero; beause of this
intrinsi noise, no measurement is possible below a ertain threshold, whih is usually about 0.3 pe to 0.5 pe
(for this study, a minimum pe threshold of 0.3 pe was used). The measured harge for a given number of
pe follows a Gaussian probability distribution. The prominent peak in the gure, marked 1 pe, omes from
the most probable ase that one pe was produed from the photon pulse. The ases where two or three
pe were produed an be seen as smaller peaks marked 2 pe and 3 pe. The parameters of a t funtion
desribing the total shape of the histogram are also shown. This gure was taken from [ANT05d℄.
are in proessing mode means dead time for the OM; data-taking is then impossible.
For this study, a saturation of 200 pe was assumed in most ases, beause the showers
studied in this work generally produe larger amplitudes in the PMTs than muons and
are therefore more likely to trigger pulse shapes whih would be reorded in WF mode.
However, no WF implementation exists in the software at the moment. It was therefore
assumed that the signals reorded in the WF mode are taken with the same integration
and dead time than in the SPE mode, but at a higher amplitude saturation level.
4.3.2 The Software Trigger
The ANTARES data taking follows the philosophy of all data to shore, i.e. all signals
reorded in the PMTs are sent to the shore station. The amount of reorded data from the
whole detetor is about 1GB per seond, depending on the bakground rate. This data
rate is too high to be permanently stored; the aim is therefore to redue it by several orders
of magnitude, seleting those time windows ontaining physis signals and disarding those
ontaining optial bakground. This is done by a software algorithm mimiking a hardware
trigger, whih is thus alled Software Trigger [Ren04℄. The trigger onditions are based
on the assumption that the hits indued in dierent OMs by a muon or partile shower
are orrelated, whereas the hits aused by optial bakground are not. The onditions for
orrelations are explained in detail in Setion 6.4, where they are used as lter onditions for
the suppression of the optial bakground. Correlated hits are olleted in so-alled lusters.
When the luster has reahed its adjustable minimal size (e.g. 4 hits for a bakground rate
of 70 kHz), an event is built by seleting all hits within a time window of 2000 ns around
the luster. If another luster lies within this time window, the two events are merged.
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The events are then written to disk. The trigger onditions an be adjusted for a variable
bakground, suh that the nal storage rate is always about 1MB/s.
4.4 Optial Properties of the ANTARES Site
4.4.1 Absorption and Sattering
The eieny of Cherenkov light detetion and the auray of the muon or shower dire-
tion reonstrution depends on the absorption and sattering of the Cherenkov light in the
water. These eets are desribed by the absorption length λabs and the sattering length
λscatt. λabs and λscatt an be ombined to the total attenuation length λatt, a measure of
the overall attenuation of light in water:
1
λatt
=
1
λabs
+
1
λscatt
. (4.1)
λatt is a funtion of the wavelength of the light; the relevant wavelength region for the de-
tetion of Cherenkov light is between 320 nm and 620 nm, aording to the harateristis
of the photomultipliers and the glass spheres (see Figure 4.9 in Setion 4.2). Measurements
in the deep sea have shown that the attenuation length in deep salt water is largest (and
therefore, the attenuation itself smallest) at ∼ 460 − 470nm [Pri97℄. This is in the region
of blue light, and therefore a number of test measurements at the ANTARES site using
blue LEDs at a wavelength of 466 nm have been performed [Pal99, Pal01a℄. For a detetor
like ANTARES, the sattered photons are not neessarily lost, and therefore the satter-
ing length is replaed by an eetive sattering length whih depends on the sattering
angle. For the ANTARES site, an eetive sattering length between 230m and 300m,
and an absorption length between 50m and 69m for blue light were measured in various
sea ampaigns [ANT05a℄. Figure 4.11 shows absorption length and sattering length, as
parameterised in the ANTARES software [Gea00℄ following the results of the test measure-
ments and a theoretial model for the sattering [Kop83℄. Sattering eets are, however,
not fully simulated in the software.
For this thesis, attenuation eets were onsidered at a xed wavelength of 475 nm, using
only the respetive absorption length, λabs ≡ τ = 55m.
4.4.2 Refration Index and Veloity of Light
The refration index naturally depends on the omposition of the medium and hene on
the salinity of the water (higher refration index at higher salinity), its temperature (higher
refration index at lower temperature), and on the water depth (higher refration index at
larger depth, i.e. higher pressure). Typial values of these parameters at the ANTARES
site are:
 salinity: 38.44 %;
 temperature: 13.1◦C;
 pressure: 200  240 bar.
As it onnets diretly to the veloity of light in water and the Cherenkov angle, a pro-
found knowledge of the refration index is required. The veloity of light as derived from
refration index measurements is alulated for the ANTARES site in [Pal00℄; the value
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Figure 4.11: Absorption length and sattering length in m at the ANTARES site, as a funtion of the
wavelength, as parameterised in [Gea00℄.
that was found for blue light (λ = 466nm) is (0.21755 ± 2 · 10−5)m/ns. The dependene
of the refration index on the various parameters has also been disussed in [Bru00℄ and
is enoded in the Cherenkov light propagation software [Gea00℄ as a funtion of the wave-
length. Its dependene on the wavelength, for a depth of 2000m, is shown in Figure 4.12.
For this study, a refration index of 1.3499 was used, whih orresponds to a Cherenkov
angle of ϑC = arccos(1/1.3499) ≈ 42.2◦.
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Figure 4.12: Refration index at the ANTARES site, depending on the wavelength of the Cherenkov
radiation, for a depth of 2000m [Gea00, Bru00℄.
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4.5 Status of the Experiment
Between 1996, the beginning of the ANTARES ativities, and 2000, several autonomous
lines have been deployed at various sites to measure the optial properties of the water and
test the detetor omponents. The most reent of these test lines, reovered in June 2000,
also measured signals from atmospheri muons [ANT01℄.
In Otober 2001 the main eletro-optial able leading from the ANTARES site to the
shore was deployed, followed by the Juntion Box, about one year later. Shortly after the
Juntion Box, a line prototype with ve storeys, alled Prototype Setor Line (PSL), and
the Mini-Instrumentation Line (MIL) were deployed. Both the PSL and the MIL were on-
neted to the Juntion Box in Marh 2003. The MIL was reovered in May 2003 whereas
the PSL stayed onneted until July 2003.
During that four-month period the PSL took a large amount of data, and the feasibility
of the deployment and reovery sea operations was proven. There were some problems,
though: Due to a damage of the optial bre distributing the lok signal, no nanoseond
timing was available; also, there was a water leak in the eletronis ontainer of the MIL.
These problems were thoroughly investigated and eliminated by design modiations. To
assure the funtionality of the system, two additional test strings, Line 0 and MILOM, were
built. Line 0 is a full sized line ontaining all the mehanial elements of a string, but no
eletronis. It is used to intensely test the integrity of the mehanial parts of a string dur-
ing deployment, operation and reovering. MILOM stands for Mini-Instrumentation Line
with Optial Modules. The MILOM is an improved version of the MIL; it ontains LED
beaons for OM alibrations, a hydrophone for aousti positioning, a sound veloime-
ter, a ondutivity temperature probe, a light transmission meter and a laser beaon. A
seismometer is also deployed at 50m distane, with a onnetion to the MILOM. Besides
these monitoring and ontrol instruments, the MILOM also ontains four OMs, three of
them arranged on a normal OMF and one of them alone on a separate storey. The smaller
buoyany of the MILOM, as ompared to a normal string, is ompensated by two buoys.
The whole setup is shown in Figure 4.13.
Both Line 0 and MILOM were deployed in Marh 2005. With the MILOM, a timing resolu-
tion better than 1 ns and a positioning resolution of the order of 10 m was proven [ANT05℄.
An example for a measurement of the timing resolution is shown in Figure 4.14. While
MILOM is at present still taking data and is foreseen to stay at the ANTARES site to serve
as an environmental ontrol instrument for the rst omplete lines, Line 0 was reovered in
May 2005. Leakage tests showed that there were no water leaks in the eletroni ontainers;
there were however some optial transmission losses due to an interfae problem between
EMC penetrators and the LCM. These problems have been understood and solved, and
the rst omplete string has deployed in February 2006 and onneted on Marh, 2nd. The
line has been fully funtional from the rst moment of power-up and the rst downgoing
muons have been reonstruted. The suessful onnetion of Line 1 is a huge step forward
in the ompletion of the detetor planned for the year 2007.
4.6 Other Experiments
The planning of the rst neutrino telesopes already started as early as 1975. This setion
lists high-energy neutrino telesopes of the past, the present and the future, whih use the
Cherenkov detetion tehnique in water or ie.
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Figure 4.13: Shemati view of the MILOM (Mini-Instrumentation-Line with OMs). See text for more
details.
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Figure 4.14: Time distribution of a signal in three OMs of the MILOM, relative to the referene signal of
the LED beaon, after subtrating an oset for the light propagation. From [ANT05b℄.
 DUMAND
DUMAND was the pioneering experiment in underwater neutrino detetion. It was
started in 1975 with the objetive to build a neutrino telesope in the deep sea
lose to Hawaii, USA. Unfortunately, after enountering some tehnial problems,
the experiment was anelled in 1995 without having taken data. However, the
expertise gained in this experiment, theoretially as well as experimentally, has been
an extremely useful basis for all later experiments.
 BAIKAL
The BAIKAL experiment [BAI97℄ is loated at 1070m depth in Lake Baikal (Rus-
sia). It has been the rst running high-energy neutrino telesope, with site tests
and researh and development going on sine 1980. The oldest omponents of the
urrent detetor, NT 200+, have been in use sine 1993. NT 200+ onsists of 8
losely spaed strings plus 3 additional strings in a distane of 100m to the oth-
ers. Reently published ux limits of four years of data-taking [Wis05℄ set a limit of
E2Φ < 8.1 · 10−7GeV m−2 s−1 sr−1 for osmi neutrinos between 10TeV and 10PeV
(see Figure 4.15).
The advantage of BAIKAL ompared to the other neutrino telesopes is the relatively
easy aess to the detetor. The strings an be deployed and reovered during winter
when the surfae of the lake is frozen, by melting holes into the ie. It is more easily
aessed than the South Pole, and no ship is needed, other than for the experiments
in the sea. On the other hand, the optial properties of the water are relatively poor
ompared to the deep-sea sites in the Mediterranean, with a signiantly shorter
attenuation length of ∼ 20m.
 AMANDA
The AMANDA experiment [AMA00℄ has been built at the South Pole and is op-
erational sine 1997. The last stage, AMANDA-II, onsists of 677 optial modules
mounted on 19 strings whih are arranged in onentri irles. The telesope is
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installed in the glaial ie in depths between 1500 and 2000m. Using ie instead
of water as detetor medium has both advantages and disadvantages. In ie, the
optial bakground is very low (< 1 kHz per optial module) whih allows for a lower
energy threshold than in water. On the other hand, due to inhomogeneities in the
ie, sattering eets are muh larger than in water, whih deteriorates the resolu-
tion, espeially for the reonstrution of the neutrino diretion. Nevertheless, many
important results on neutrino astronomy ome from the AMANDA experiment, like
stringent limits on diuse neutrino ux, see Figure 4.15, and for point soures. No
evidene for individual soures has been found yet, as an be seen from the reently
published results [AMA04b℄ shown in Figure 4.16. Note that all areas in the plot
showing an enhanement of the ux an be explained as statistial utuations.
In spring 2005, the AMANDA experiment has oially beome a part of the km
3
-
sized detetor IeCube, whih is under onstrution at the same site (see below).
 NESTOR
NESTOR [NES98℄ is a neutrino telesope whih is being onstruted in 4000m depth
o the Greek oast. Other than ANTARES, it uses a rigid struture of towers, eah
onsisting of 12 oors whih arry 12 OMs eah. The OMs are symmetrially orien-
tated upwards and downwards, whih allows for a uniform angular aeptane, suh
that the bakground from above an be studied. A rst test oor of redued size has
been suessfully deployed and operated in 2003 [NES05a, NES05b℄.
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Figure 4.15: Neutrino ux limits reahed or expeted with dierent neutrino experiments, and predited
bounds [Bah99, Bah01, Man00, Sig98℄. ANTARES expetations from [Zor04℄, Maro limit from [MAC03℄,
BAIKAL limit from [Wis05℄, AMANDA limit (for asades) from [AMA04a℄. See Figure 3.10 in Setion 3.3
for details on the theoretial preditions.
The size of the neutrino telesopes mentioned above, about 0.01 km
3
, will only allow to
measure a few high-energy events per year, beause the uxes are so small. As will be
explained in Setion 5.1, some types of events, e.g. the tau double bang events, will even
be diult to detet at all, due to their large extension in omparison to the detetor size.
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Figure 4.16: AMANDA upper limits (90% C.L.) on the neutrino ux integrated above 10GeV in equatorial
oordinates, delination δ > 5◦ over right asension α (in hours), in units of 10−8 m−2 s−1 (olour-oding
on the right). The data were taken in the years 2000-2002, and an E−2 spetrum has been assumed. The
ross symbols represent the observed events. From [AMA04b℄.
To be able to ollet data with a higher statistial signiane, larger volumes are needed.
Therefore, km
3
-sized detetors are being planned or under onstrution:
 NEMO
The NEMO ollaboration [NEM05℄ is doing researh and development with regard to
a future km
3
detetor in the Mediterranean. A andidate site for the km
3
detetor,
70 km o the Siilian oast in a depth of 3500m, has been identied and exhibits
good optial properties.
 KM3NeT
KM3NeT is a onsortium formed by the members of the three neutrino experiments
in the Mediterranean, ANTARES, NEMO and NESTOR, with the objetive to build
a km
3
-sized detetor in the Mediterranean. The loation on the Northern Hemisphere
is omplementary to the site of Antarti IeCube detetor (see below) to allow for
the observation of the Southern sky, inluding a large part of the Galati dis and
the Galati Centre, whih is barely visible with IeCube.
The experiment is now in its R&D phase; a design study funded by the European
Union is urrently being onduted. In the ourse of this, the tehnial design will
be worked out.
 IeCube
IeCube [Ie01℄ is the km
3
-sized extension to the AMANDA neutrino telesope in
the Antarti Ie. Nine strings have been deployed sine the Antarti summer
2004/2005, and the ompletion of the detetor is expeted for 2011. The detetor
will then onsist of 4800 photomultiplier tubes on 80 lines, eah of them over 1000m
long, with a horizontal spaing of 125m to eah other. On the surfae, an air shower
array, IeTop, is being built, whih will serve for alibration purposes and as a veto
for atmospheri muons.
Chapter 5
Signal Events in ANTARES
This hapter is devoted to the dierent lasses of signal events that our in the ANTARES
detetor, with a partiular weight on shower-type events.
Setion 5.1 provides a loser look at the signatures of the dierent event lasses. In Se-
tion 5.2, details on the harateristis of eletromagneti asades are given. Setion 5.3
provides similar information for hadroni asades.
The Monte Carlo results shown in this hapter are mostly obtained using ANTARES sim-
ulation software. See Appendix A for a more detailed desription of this software.
5.1 The Dierent Event Classes in ANTARES
In an eletromagneti eld-free environment, harged partiles travel along straight lines
through the medium until they either deay or interat with the interation medium. The
mean length of the distane travelled is alled the path length of the partile and depends on
its amount of energy loss in the medium. If the path length exeeds the spatial resolution of
the detetor, so that the trajetory of the partile an be resolved, one alls the trajetory a
partile trak. In a neutrino telesope, one an distinguish between two main event lasses:
events with a trak, and events without a trak.
5.1.1 Event Classes with a Trak
Event lasses with a trak are
 νµ, ν¯µ CC: (νµ, ν¯µ) +N → µ∓+ hadroni shower
 ντ , ν¯τ CC:
(ντ , ν¯τ ) +N → hadroni shower +(τ∓ → (ντ , ν¯τ ) + (ν¯µ, νµ) + µ∓)
(ντ , ν¯τ ) + N → hadroni shower +(τ∓ → (ντ , ν¯τ ) + (ν¯e, νe) + (e± → em. shower))
(ντ , ν¯τ ) +N → hadroni shower +(τ∓ → (ντ , ν¯τ ) + hadroni shower).
The last two hannels only produe traks within ertain energy ranges, see below. In the
list, em. shower stands for eletromagneti shower. Shemati views of a νµ CC event
and of the last of the three ντ CC hannels are shown in Figure 5.1. Neutrino and anti-
neutrino reations are not distinguishable; thus, no dierentiation between partiles and
anti-partiles is made. Showers our in all event lasses shown in Figure 5.1. However,
for νµ and ν¯µ CC, often only the muon trak is deteted, as the path length of a muon
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in water exeeds that of a shower by more than 3 orders of magnitude for energies above
∼ 2TeV (see Figure 5.2). Therefore, suh an event might very well be deteted even if the
interation has taken plae several km outside the instrumented volume, provided that the
muon traverses the detetor.
Beause of its highly relativisti veloity, the muon undergoes a large number of interations
before it deays. For energies above ∼ 2TeV, these interations are dominated by radiation
losses.
For the τ , the situation is dierent: due to the muh shorter lifetime, it travels only a few
m to a few km, depending on its energy, before it deays again aording to one of the
possible deay modes given in the list above. Radiation losses, on the other hand, play a
muh smaller role than for the muon, beause of the 17 times larger mass of the τ . Most
of the possible τ deay modes inlude the generation of a hadroni or eletromagneti
asade. Thus, if the trak of the τ is long enough to distinguish between the primary
interation of the ντ and the deay of the tau, i.e. for a τ energies above ∼ 1PeV (see
Figure 5.2), the expeted signatures for the ντ and ν¯τ CC events are that of a shower, a
trak and a shower; this signature is alled double bang event. Alternatively, if the τ
starts or ends outside the instrumented volume, a trak and a shower, a lollipop event,
are deteted. Most probably, if events at these high energies are observed in ANTARES at
all (the expeted event rate above 1PeV is far below 1 event per year), this latter signature
is the only one observable in ANTARES, beause the tau path length rapidly exeeds the
dimensions of the detetor for inreasing energies.
If the τ deays into a muon, a ντ and a νµ, the event is presumably not distinguishable
from an original νµ CC interation.
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Figure 5.1: Shemati view of the most important event lasses in ANTARES, as desribed in the text:
νµ CC (a), ντ CC (double bang event) (b), νe CC () and ν NC (d).
5.1.2 Event Classes without a Trak
Event lasses without a trak are
 (νe, ν¯e) CC: (νe, ν¯e) +N → hadroni shower +(e∓ → eletromagneti shower)
 (ν, ν¯) NC: (νl, ν¯l) +N → (νl, ν¯l)+ hadroni shower
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Figure 5.2: Path length of neutrino interation produts in water: muons, taus, eletromagneti and
hadroni showers, over their respetive energy. The shower lengths are alulated using a shower prole
parameterisation and the results of [Nie05℄, see Setion 5.3 for details. Muons and taus after [Iye01℄.
Both event lasses are depited shematially in Figure 5.1. Due to its small mass, the
eletron has a high probability for energy loss via bremsstrahlung, so that it does not
produe a resolvable trak in the detetor, but interats immediately after its generation,
produing an eletromagneti shower.
The NC hannel gives the same signature for all neutrino avours. In this hannel, a
part of the interation energy is always arried away unobserved by the outgoing neutrino,
and therefore the error on the reonstruted energy of the primary neutrino inreases
aordingly. Even though eletromagneti and hadroni showers are dierent from eah
other in priniple (see Setions 5.2 and 5.3), the νe/ν¯e CC and the ν NC hannels are not
distinguishable in reality, beause the detetor is too sparsely instrumented.
Below ∼ 1PeV, also the ντ CC hannels, exept for the ase where the τ produes a muon,
belong to the lass of events without a trak, beause the τ trak annot be resolved at
these energies (see Figure 5.2).
5.1.3 Other Event Classes
The resonane hannel of ν¯e at 6.3PeV, the Glashow resonane, is a speial ase whih is
mentioned here for ompleteness. The following signatures are possible for this resonane:
 ν¯e + e
− → ν¯e + (e− → eletromagneti shower)
 ν¯e + e
− → ν¯µ + µ−
 ν¯e + e
− → ν¯τ + (τ− → τ− deay modes (see Setion 5.1.1) )
 ν¯e + e
− → q + q¯ ′ → hadroni shower
For the energy range examined in this study, between ∼ 100GeV and ∼ 100PeV, the
resonane hannel onstitutes only a small portion to the overall ross setion. It will also
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not be identiable as suh in the experiment: In the ase of ν¯e+ e
−
or qq¯ ′ nal states, the
interation has the same harateristis as a normal shower event without a trak. As it
is presumably not possible to determine between a trak traversing the detetor and a trak
starting inside the detetor, neither of the two other hannels will be identiable: In the
ase of ν¯τ + τ
−
, the interation would be regarded as a ν¯τ CC with the primary neutrino
interation outside the detetor and in the ase of ν¯µ + µ
−
, the only event type without
any shower, it would be interpreted as a νµ CC event happening outside the detetor.
In a larger, km
3
sized detetor, this would be dierent, beause it would be possible to
determine whether a partile trak starts within the instrumented volume or outside of it.
For ANTARES, where the majority of the strings are situated at the edge of the detetor
(see Figure 4.5 in Setion 4.1), this seems very improbable.
5.1.4 Event Classiation
Figure 5.3 shows two dierent Monte Carlo events in the ANTARES detetor in ompari-
son. On the left, the passage of a muon (blue) through the detetor is shown. The muon
is travelling from the lower right to the upper left in the shown perspetive; its initial
energy was 19TeV. On the right, an NC interation is shown; the neutrino, marked in
blak, omes from the upper right and interats in the middle of the detetor, generating
a hadroni shower (blue). The energy of the hadroni shower was also 19TeV. Note that
the shower onstituents have been extrapolated aording to their diretions; the length of
the lines is not to sale. The events have been visualised using the ANTARES event dis-
play A3D [Hei05℄. The storeys in the strings are drawn as small dots; the photomultiplier
signals, integrated over 25 ns, are shown as squares, with a size proportional to the signal
amplitude, and a olour oding aording to the arrival time of the photon signal in the
photomultipliers (yellow to green to light blue).
One an learly see that the shower deposits its entire energy in a relatively small volume,
while the muon loses only a part of its energy inside the detetor.
5.2 Eletromagneti Casades
The evolution of an eletromagneti asade an be desribed in a very simple way: An
eletron suers bremsstrahlung and produes photons. Eah photon produes an eletron-
positron pair via pair prodution. The eletron and the positron again produe photons
via bremsstrahlung, and so on, until the energy of the onstituents falls below the ritial
energy
1
and the shower prodution stops; the remaining energy is then dissipated by ioni-
sation and exitation. For eletromagneti showers it an be assumed that all Cherenkov
light is emitted isotropially in azimuth φ from the shower axis, as the lateral extension
of an eletromagneti shower is of the order of 10 m [Eid04℄ and therefore negligible in
omparison to the longitudinal one. Thus, the desription of an eletromagneti shower
simplies to desribing the longitudinal prole of the shower and the angular prole of the
emitted Cherenkov light.
5.2.1 Longitudinal Prole
The longitudinal prole of the energy deposition in the shower an be parameterised
as [Eid04℄
1
for eletrons, the ritial energy is usually dened as the energy at whih the rates of bremsstrahlung
and ionisation losses are equal [Eid04℄.
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Figure 5.3: Passage of a muon through the ANTARES detetor (left) and an NC interation inside the
detetor (right), as visualised by the ANTARES event display A3D [Hei05℄. The shower length is not to
sale. See text for details.
dE
dt
= E0b
(bt)a−1e−bt
Γ(a)
, (5.1)
where E0 is the initial shower energy, a and b are parameters depending on the initial energy
and partile type, and t is the distane from the interation vertex along the shower axis
in units of radiation lengths, t = z/X0, with X0 = 35 m in salt water at the ANTARES
site [Bru02℄. One nds that the maximum of distribution (5.1) is at
tmax = (a− 1)/b. (5.2)
The parameters a and b for eletron- and photon-indued interations in salt water have
been determined by various authors [Wie95, Bru02, Nie05℄. Their results are listed in
Table 5.1, showing good ompatibility within the typial preision of around 10%, exept
for the slightly larger onstant oset of [Nie05℄. Note that [Nie05℄ uses a dierent form of
equation (5.2), tmax = D ln(E/Ec) +C, from whih the expression for a an be alulated
using the values ited for b and a ritial energy of Ec = 54.27MeV. The numbers given here
are valid up to ∼ 1PeV; above this energy, the LPM eet, a suppression of pair prodution
and bremsstrahlung, has to be taken into aount. [Nie05℄ uses the GEANT4 [Gea05℄
simulation software to simulate the partile interations in water, while the other two have
done their simulations with the older version GEANT3.21 [Gea93℄.
As an example, the longitudinal proles for eletron-indued showers at 100GeV, 1TeV,
10TeV, 100TeV and 1PeV, using the values from Table 5.1, are shown in Figure 5.4. The
shapes of all distributions are very similar to eah other, but the positions of the urves
derived from [Nie05℄ are shifted to higher values of t.
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shower parameter a shower parameter b
author e− γ e− γ
[Wie95℄ 2.0 + 0.60 ln(E/GeV) (not alulated) 0.63 (not alulated)
[Bru02℄ 1.9 + 0.64 ln(E/GeV) 2.6 + 0.64 ln(E/GeV) 0.66 0.66
[Nie05℄ 2.6 + 0.69 ln(E/GeV) 3.4 + 0.74 ln(E/GeV) 0.69 0.74
Table 5.1: Mean value of the longitudinal shower prole parameters a and b for eletrons and photons,
as determined by various authors. The value of b ited for [Bru02℄ was obtained by alulating the mean
from the values given for dierent energies; the author himself used b = 0.64 to obtain parameter a. b is
expeted to be onstant in energy and idential for eletrons and photons.
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Figure 5.4: Longitudinal proles of eletron-indued showers at energies of 100GeV (blak), 1TeV (red),
10TeV (green), 100 TeV (blue) and 1 PeV (magenta), as parameterised by [Wie95℄ (dashed lines), [Bru02℄
(solid lines) and [Nie05℄ (dashed-dotted lines).
The longitudinal proles are used to parameterise the total shower length as a funtion
of the initial shower energy. The shower length is dened here as the distane within
whih 95% of the total shower energy has been deposited. Integrating the urves shown in
Figure 5.4 numerially, and parameterising the results as linear funtions in log10(E), one
obtains the expressions for the shower length listed in Table 5.2; again, the agreement of
the results is within 10%.
author path length L [m℄
[Wie95℄ 2.93 + 1.04 log10(E/GeV )
[Bru00℄ 2.79 + 1.06 log10(E/GeV )
[Nie05℄ 3.04 + 1.09 log10(E/GeV )
Table 5.2: Path length L for eletron-indued showers as a funtion of the shower energy, parameterised
using the results given by the dierent authors.
For this study, the values of [Nie05℄ have been used to retrieve the shower length and
the position of the maximum, beause they are the most reent ones; the new GEANT4
simulation uses new results for the ross setions at high energies, whih makes its output
more reliable than that obtained with the older version, GEANT3.21. See Figure 5.2 in
Setion 5.1 for a graphial representation of the eletromagneti shower length as a funtion
of the shower energy.
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5.2.2 Angular Prole
It has been found both by [Wie95℄ and by [Bru02℄ that above 1GeV, the distribution of the
Cherenkov photon radiation angle ϑC with respet to the shower axis is energy-independent
for eletromagneti showers, and very well reprodueable from event to event. It is therefore
possible to save omputing time during the shower simulation by alulating the total
number of emitted Cherenkov photons aording to the shower energy and assuming a
xed angular prole for the photons, instead of produing the photons separately for eah
shower partile. In the ANTARES simulation software (see Appendix A.2), this has been
done by parameterising the angular distribution in the region of cos ϑC < 0.4, i.e. ϑC & 66
◦
,
following the results of [Bru02℄ for the simulation of eletromagneti showers. The region
of smaller angles is hard-oded in the simulation pakage, with a bin width of 1× 10−3 in
cos ϑC . The overall distribution obtained that way is shown in Figure 5.5.
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Figure 5.5: Angular distribution of photons in an eletromagneti shower with respet to the shower axis,
as parameterised within the ANTARES simulation software (see Appendix A.2), following the studies
of [Bru02℄. Left: linear y-sale, right: logarithmi y-sale.
5.3 Hadroni Casades
The desription of hadroni asades is less straight-forward than that of eletromagneti
ones, the main reason being that event-to-event utuations are muh more important in
hadroni showers, sine they do not onsist only of two partile types like eletromagneti
asades, but of many, and the fration of the dierent partile types depends on the
shower energy. The dominant seondary partiles in a hadroni shower are pions; other
hadrons like kaons, protons or neutrons our in variable frations. A number of muons
an be present, as well; as these usually leave the shower produing long traks, they on-
tribute signiantly to the utuations. For inreasing shower energy, the eletromagneti
omponent in the hadroni shower inreases, beause the number of π0 inreases signi-
antly, due to the interations of the harged pions; at lower energies, these harged pions
deay before they an interat, produing mainly muons. π0 have a muh shorter lifetime
than harged pions and deay into two photons; these photons are then the origin of an
eletromagneti asade. The perentage of eletrons or positrons on the total trak length
of a hadroni shower exeeds 90% for a shower energy of 1TeV [Bru02℄, whih means that
above this energy, the largest part of the Cherenkov light in the shower is generated by
eletromagneti sub-showers.
Figure 5.6 shows the relative abundane of shower partiles for dierent shower energies,
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as simulated by the ANTARES neutrino interation pakage (see Appendix A.1). The
output of this simulation onsists of all long-lived partiles, i.e. partiles with a lifetime
& 10−10 s, so that e.g. π0 our only through the photons that have been produed in their
deays. Consequently, the photon abundane in the shower is very high. Note also that
only the primary shower partiles are displayed here; e.g. seondary eletrons produed
during asading, or Cherenkov photons, are not displayed, as they are not generated at
this simulation step, but only in the propagation that follows.
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 showers
with dierent primary energies, as simulated by the ANTARES event simulation software genhen (see
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5.3.1 Longitudinal Prole
One of the authors mentioned in the previous setion, [Nie05℄, has used his parameteri-
sation for the eletromagneti showers, equation (5.1), also to determine the longitudinal
prole of hadroni showers. He simulated the hadroni asade generated by a primary
harged pion at dierent energies. The values he nds for the parameters a and b are given
in Table 5.3. The resulting longitudinal proles from this parameterisation are shown in
Figure 5.7 for shower energies of 100GeV, 1TeV, 10TeV, 100TeV and 1PeV, in units of the
eletromagneti radiations length in salt water, X0 = 35 m, to allow for a omparison with
the eletromagneti showers. The proles for eletron-indued showers at the same ener-
gies, following the results of [Nie05℄, are shown as dashed-dotted lines in the same gure.
Below 100TeV, the eletromagneti shower has a shorter length than the hadroni shower.
While the shower maximum for eletromagneti showers with energies ≥ 100TeV lies at a
larger distane from the interation vertex than for hadroni showers, the overall shower
length beomes approximately equivalent for both shower types (ompare Figure 5.2).
Due to the inreasing eletromagneti omponent, utuations in the hadroni shower
shape are less dominant at higher energies. [Nie05℄ nds that the utuations with respet
to the longitudinal prole are around 10% at some 10TeV; they exeed 30% in the re-
gion of some hundred GeV. The shower parameter b showed no onstant behaviour below
∼ 5TeV. For shower energies in this energy region, the parameterisations presented here
should therefore be used with are.
5.3. Hadroni Casades 49
parameter π±
a 4.26 + 0.364 ln(E/GeV)
b 0.56 (E ≥ 10TeV)
Table 5.3: Mean value of the longitudinal shower prole parameters a and b for harged pions, as determined
by [Nie05℄. The parameter b is expeted to be onstant in energy.
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Figure 5.7: Longitudinal proles for a pion-indued hadroni shower at energies of 100GeV (blak), 1TeV
(red), 10TeV (green), 100 TeV (blue) and 1PeV (magenta) (solid lines), as parameterised by [Nie05℄. The
longitudinal proles for an eletron-indued shower as parameterised by [Nie05℄ at the same energies are
shown as dashed-dotted lines, for omparison.
One an again use the longitudinal prole, as explained in Setion 5.2, to parameterise the
total shower length. The shower length L was again dened as the distane within whih
95% of the total shower energy is deposited. It an be desribed as
L/m = 5.28 + 0.70 log10(E/GeV). (5.3)
The length of a hadroni shower using equation (5.3), in omparison to the eletromagneti
shower length and the muon and τ ranges is shown in Figure 5.2 (Setion 5.1).
The maximum of the shower retrieved from Table 5.3 was ompared to the shower maxi-
mum as alulated in a study that was onduted within the ontext of this thesis. For this
study, the ANTARES simulation tools (see Appendix A) were used to generate a sample
of NC events with shower energies between ∼ 40GeV and ∼ 100PeV. In the following, this
event sample will be denoted event sample A (Appendix A.5 gives a detailed desription
of the dierent event samples that were used for this work).
The output of the Monte Carlo simulation ontains no information about the longitudinal
extension of the shower and thus, no information about the position of the shower maxi-
mum is available. However, from the timings and positions of the measured hits, one an
reonstrut the point from where the largest fration of Cherenkov photons is emitted,
aording to an algorithm desribed in Setion 7.1. Here and in the following, the term
hit is used to denote a set of photons whih reah a photomultiplier within the 25 ns inte-
gration time that follow the rst photon signal in the photomultiplier (see Setion 4.3.1).
The number of photo-eletrons (pe) in a hit determines the hit amplitude. Taking into
50 Chapter 5. Signal Events in ANTARES
aount the hit amplitudes for the alulation, by weighting eah hit position and time by
its amplitude, a entre-of-gravity of the shower, ~r
CGA
, an be determined as an estimate of
the entral point of photon emission. This entre-of-gravity is approximately equivalent to
the shower maximum, as an be seen from Figure 5.8: On the left hand side, the distane
∆r between the interation vertex and ~r
CGA
, alulated as desribed above, is shown in
red for eah event. On the right hand side, the prole of the alulated data points is
shown. A straight line that was tted to this prole is shown in green in both graphs.
The length of the line marks the validity range of the t. For energies below ∼ 1TeV, the
event-to-event utuations begin to dominate the distribution. The t funtion is given as
∆r(E)/m = 3.7 + 0.20 log10(E/GeV). (5.4)
The position of the shower maximum with respet to the interation vertex, as expeted
from the simulations of [Nie05℄, is shown in blue in both graphs. The agreement between
the two lines is relatively good, onsidering the dierent methods that were used, though
the inrease of the t line with energy is not as strong as predited by [Nie05℄. It should
also be noted that the shower maximum may not neessarily be equivalent to the point of
maximum photon emission.
 [GeV] )sh ( E10log
0 1 2 3 4 5 6 7 8
 
r 
[m
]
D
0
5
10
15
20
25
30
[Nie05]
fit to data
 [GeV] )sh ( E10log
0 1 2 3 4 5 6 7 8
 
r 
[m
]
D
0
2
4
6
8
10
12
14
16
18 [Nie05]
fit to data
Figure 5.8: Distane between the MC interation vertex and the amplitude-weighted entre-of-gravity
~r
CGA
as alulated for the NC event sample A, a t to the data (green), and distane between the MC
interation vertex and the position of the shower maximum as predited by [Nie05℄ (blue), all as a funtion
of the shower energy. See text for details.
5.3.2 Angular Prole
Same as the longitudinal shower prole, also the angular prole of the Cherenkov photons
suers from large utuations for hadroni showers, in partiular for low energies. Con-
sidering dierent energies, it also beomes obvious that the angular distribution slightly
broadens with inreasing energy, whih might by due to the inreasing total number of
partiles in the shower. Figure 5.9 shows the angular distribution for showers between
3× 102 and 3× 107GeV from event sample A; eah histogram ontains events within one
deade in energy. Shown is the angle between the photons whih produed a hit in the
ANTARES detetor and the shower axis. The angle was alulated under the assumption
that all photons are emitted from one point in the shower. It will be shown later in Se-
tion 7.1 that the position reonstruted by the algorithm used for this study does not refer
exatly to the shower maximum, but to a distane to the interation vertex that an be
parameterised using equation (7.8) from Setion 7.1. The point of the photon emission
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was therefore alulated by moving the referene point from the Monte Carlo (MC) inter-
ation vertex aording to 2.8 + 0.48 · log10(E/GeV) along the shower axis. Eets due to
detetor geometry harateristis an not be fully exluded but are expeted to anel out
due to large statistis and an isotropi event sample.
In Figure 5.9, the parameterisation of the angular prole for eletromagneti showers
(dashed line) as determined by [Bru02℄ (see Setion 5.2), is also shown for omparison.
Close to the Cherenkov peak, the distribution does not dier muh the one for hadroni
showers; it lies below the histogram of the hadroni showers with the lowest energy, for an-
gles between the maximum and ∼ 100◦. This agrees with the expetation that the angular
distribution is narrower for an eletromagneti shower than for a hadroni shower, as no
energy dependene was found for the distribution of the eletromagneti shower. However,
for angles below ∼ 35◦ and above ∼ 130◦ (depending on the shower energy), the photon
yield for the hadroni shower is found to lie below the photon yield for the eletromagneti
shower and is therefore probably underestimated with the method used here. This eet is
possibly aused by the fat that espeially low Cherenkov thresholds of < 1MeV were used
for eletrons and photons in [Bru02℄, while for the angular distributions of the hadroni
showers retrieved in this study, the nominal value in the ANTARES software [Gea00℄ for
the high-energy mode, 500MeV, was used to save omputing time. One should also be
aware that what is ompared here is on the one side a photon distribution of eletro-
magneti showers whih has been retrieved from the Monte Carlo truth of the Cherenkov
photon simulation, and on the other side distributions of photo-eletrons from hadroni
showers as measured in the detetor aording to the ANTARES simulation software.
5.3.3 Angle Between Neutrino and Hadroni Shower
One of the important objetives in reonstruting a neutrino event is to determine the
diretion of the neutrino. In ase of the NC events, one has no information about the
outgoing neutrino, so that the only objet whih an be reonstruted is the hadroni
shower. However, the diretion of the hadroni shower is very similar to the diretion of
the inoming neutrino, as an be seen in the upper plot of Figure 5.10 for events from event
sample A. Here, the diretion of the shower was alulated by summing over the diretions
of all partiles in the shower as given by the simulation (see Figure 5.6), eah partile
weighted with its respetive MC energy. One an see that above ∼ 1TeV the angular
dierene between the shower and the neutrino falls below 2◦, whih is the best value
that the resolution for the diretion reonstrution of a shower an reah (see Chapter 10;
for energies smaller than 1TeV, the intrinsi resolution is worse). Therefore, within the
aquired preision, one an safely regard the shower diretion as idential to the neutrino
diretion.
In the lower plot of Figure 5.10, the same is shown for the ase of νe CC events, for
a subsample of the event sample desribed in Appendix A.5.2. In this event lass (see
Setion 5.1), an eletromagneti and a hadroni shower are produed. However, these two
are not separable in the detetion, and therefore, a ommon shower axis from all partiles
in the two showers has been alulated by the method desribed above. This axis is almost
idential to the neutrino axis; for the lower energies, inauraies of simulation and method
ause the small dierene between the neutrino and the ommon shower axis, while above
1PeV, the size of the alulated angle reahes the preision of the diretions in the event
sample, and therefore the distribution attens. The utos at 100GeV and 10PeV mark
the energy region within whih the neutrinos were produed.
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Figure 5.9: Angular distribution of photons from a hadroni shower with respet to the shower axis for
dierent energies. Top: linear vertial sale, bottom: logarithmi verti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ale. The angular distribution
for eletromagneti showers as parameterised by [Bru02℄ is shown as a dashed line for omparison. See
text for details.
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Figure 5.10: Top: Angle between the neutrino and the hadroni shower, in degrees, as a funtion of
the shower energy, for NC interations. Bottom: Angle between the neutrino and the ommon axis
of eletromagneti and hadroni shower, in degrees, as a funtion of the neutrino energy, for νe CC
interations. See text for details.
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Chapter 6
Bakground
The ANTARES experiment is onstruted in the deep sea to suppress as well as possible
the bakground aused by osmi rays. However, atmospheri muons and neutrinos are
present as bakground at the ANTARES site, and the deep-sea surroundings add addi-
tional bakground soures.
The most dangerous bakground for νµ CC events (whih are reonstruted using the
neutrino-indued muon) are atmospheri muons; they an be distinguished well from
shower events, so that the latter are muh less aeted by this bakground soure than
νµ CC events, whih an only be identied as suh if the neutrino omes from below. At-
mospheri muons are a potential bakground for shower events only in two ases: If they
experiene atastrophi bremsstrahlung losses during their passage through the detetor,
or if they our in bundles of several muons rossing the detetor at the same time. At-
mospheri muons are overed in Setion 6.1.
Atmospheri neutrinos, on the other hand, are an irredueable bakground for the dete-
tion of high-energy osmi neutrinos, for all event types. Charateristis of atmospheri
neutrino uxes are given in Setion 6.2.
A third type of bakground is the noise from the detetor medium itself, the deep sea.
Deays of
40
K nulei in the salt water produe a onstant bakground rate of one-photon
signals; multi-ellular organisms add high bursts erratially. The dierent types of this op-
tial noise are disussed in Setion 6.3, whereas methods for its suppression are introdued
in Setion 6.4.
6.1 Atmospheri Muons
Atmospheri muons are produed in interations of high-energy osmi rays in the atmo-
sphere, through the deay of seondary mesons. The prodution hain is the same as the
one disussed for the prodution of neutrinos (see equation (2.1) in Setion 2.3.2). Atmo-
spheri muons are produed abundantly in the atmosphere, and at energies above ∼ 1TeV
their free path in water is long enough to reah the detetor in 2400meters depth (see
Figure 5.2 in Setion 5.1). They present a serious bakground to the detetion of muons
from νµ CC interations, as they exeed the muon rate from atmospheri neutrinos by
several orders of magnitude (see Figure 6.2). For the detetion of neutrino-indued muons
it is therefore neessary to restrit the analysis to events oming from below.
Owing to the dierent topology of muon events and shower events (see Setion 5.1), the
situation is dierent for showers. It is, however, possible that an atmospheri muon suers
a strong radiative loss, a so-alled atastrophi energy loss, whih means that it radiates
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a substantial fration of its energy into one seondary photon, whih in turn produes an
eletromagneti asade. If the energy of the asade exeeds a few 100GeV, it an be
deteted and hene be onfused with a asade from a neutrino interation.
The average energy loss of muons is shown in Figure 6.1 for opper as target medium.
One an see that for energies in the TeV region, radiative losses are by far the dominating
mehanism.
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Figure 6.1: Stopping power (i.e. avarage energy loss) of muons in 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al energy Eµc lies at 1TeV for water. The dashed line marked
without δ refers to the omission of density eet orretions to the ionisation energy loss. From [Eid04℄.
The seond bakground type aused by atmospheri muons are multi-muon events, where
a bundle of muons generated by one primary osmi ray passes the detetor, so that their
signals in the detetor are ausally onneted. These events ould be misinterpreted as
shower-type events as well, espeially if the muon multipliity is high, beause in this ase
a large amount of eletromagneti radiation ould be produed, whih ould then be mis-
interpreted as a neutrino-indued shower. For protons as primary osmi rays, the muon
multipliity M at sea level depends on the proton energy E approximately aording to a
power-law: M ∝ E0.83 [Suk03℄. The more energeti the osmi rays are, the larger is thus
the probability that they produe a muon bundle. A similar orrelation between multipli-
ity and primary energy was also found for iron primaries, but with a multipliity that is
about an order of magnitude higher than for the primary protons. It is assumed that the
multipliity distributions for the other primaries with masses between protons and iron are
in between these two distributions. The derease of the muon ux with inreasing water
depth an be seen in Figure 6.3, for dierent muon multipliities, as alulated by [Mar05a℄.
The uxes shown in the gure refer to vertial muon bundles from a ombined simulation
of ve dierent types of primaries
1
. Note that inreasing water depth leads to a suppres-
sion of the ux, but only to a weak hange in the multipliity ratios. At the depth of the
ANTARES detetor, marked by the yellow area, the ux of single muons is about a fator
of 80 higher than that of bundles with more than four muons.
As these two event types imitate neutrino-indued showers, they will not be reognised as
bakground in the reonstrution, but must be suppressed afterwards. This suppression,
together with event rates, will be disussed in Setion 9.1. It will be shown there that
the relation between single muons and muon bundles is modied signiantly in the re-
1
protons, He, the CNO group, primaries from Mg to Si, and Fe.
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Figure 6.3: Vertial ux of muon bundles for dier-
ent muon multipliities M , after [Mar05a℄.
onstrution, as the events with a high muon multipliity are muh more likely to pass the
event lter and survive the reonstrution. Even after reonstrution and quality uts, the
neutrino rate exeeds the atmospheri muon rate only above ∼ 50TeV (see Setion 10.4).
6.2 Atmospheri Neutrinos
Atmospheri neutrinos are produed when high-energy osmi partiles interat in the at-
mosphere of the Earth and produe harged mesons, whih generate neutrinos in their
deay. Due to the nature of the meson deay hains (see equation (2.1) in Setion 2.3.2),
the ux of atmospheri muon neutrinos is about twie as high as that of eletron neutri-
nos, and it also extends to higher energies. Below a meson energy of about 500TeV, the
neutrino prodution is dominated by the deay of pions and kaons. This is alled the on-
ventional atmospheri neutrino ux. Above this energy, the lifetimes of the light mesons
beome large enough to allow them to interat before they an deay. Short-lived harm
partiles are the dominant soure of atmospheri neutrino prodution at these higher en-
ergies; neutrinos produed in that way are alled prompt atmospheri neutrinos.
The atmospheri neutrino ux as a funtion of the neutrino energy is shown in Figure 3.10
(Setion 3.3.4). The marked areas in that plot show ux limits for νµ (upper two lines) and
νe (lower two lines) for dierent inident angles, as alulated by the Bartol group [Agr96℄
(onventional ux) and Naumov [Nau01℄ (prompt neutrinos), using the reombination
quark-parton model (RQPM) [Bug98℄. It should be noted that there exist several dif-
ferent models and preditions both for the onventional and the prompt neutrino ux;
authors often ited for the onventional ux besides the one mentioned above are [Hon95℄
and [Vol80℄. While the dierenes between the onventional models are up to ∼ 40% at
TeV energies [Mon01℄, the models for prompt neutrinos an dier more than one order of
magnitude [Cos01℄ due to the lak of high-energy measurements of harm prodution ross
setions in hadron-nuleus ollisions.
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A priori, atmospheri neutrinos are an irredueable bakground in the detetor; for the
diuse neutrino ux, one an dierentiate between osmi and atmospheri neutrinos by
deteting the osmi neutrinos as an exess of events in the energy spetrum of the atmo-
spheri neutrinos. The diuse osmi neutrino ux is expeted to exeed the atmospheri
neutrino ux above some 10  100TeV. Searhing for individual soures, the usage of a
small searh window (. 1◦ × 1◦) redues the bakground from atmospheri neutrinos sig-
niantly. On the other hand, the detetion of atmospheri neutrinos is an important
tool for the alibration of the detetor and the ne-tuning of the event lassiation and
reonstrution.
6.3 Optial Noise in the Deep Sea
The Baseline Rate
The noise rate in the deep sea an be divided into two omponents: the baseline and the
bursts. The baseline is a slowly varying rate in eah photomultiplier. It is produed partly
by the radioativity of the
40
K ontained in the salt water, whih produes a onstant
noise of ∼ 40 kHz for the 10 photomultipliers used in ANTARES, and partly by the
bioluminesene of miro-organisms whih varies with the environmental parameters, like
deep-sea urrent or weather onditions on the surfae. This bakground auses mainly
single, unorrelated photon signals in individual photomultipliers, so that it an be removed
to a large extent by a software lter (see Setion 6.4).
The baseline rate is dened as the mean of a Gaussian whih is tted to the ounting rate
distribution measured in a period of 5minutes [Es05℄. The ANTARES test strings PSL
and MILOM (see Setion 4.5) have observed baseline rates between 40 and almost 200 kHz;
the long-term average is about 6070 kHz. The baseline rate for a period of 3 days is
shown in Figure 6.4, in the upper graph. It should be noted that also the photomultipliers
themselves ontribute to the baseline by their internal noise; this ontribution is about
3 kHz [Es05℄.
Bursts
Bursts are aused by all kinds of multi-ellular organisms whih emit light: Fluoresent
squids, rustaeans or sh. Contrary to the baseline rate, burst signals are very bright
ashes lasting up to a few seonds, whih ause ounting rates up to several MHz in the
nearby photomultipliers, but are aperiodi and loalised, so that they do not aet the
whole detetor. The aeted photomultipliers, however, have to be exluded from data
taking during the burst.
The burst fration in the optial bakground is dened as the fration of time in a 5-minute
window during whih the ounting rate in the photomultiplier exeeds the baseline by more
than 20% [Es05℄. As for the baseline, the burst fration also varies with time; there are
periods where it is almost zero, whereas during other periods it rises to more than 40%.
There is no diret orrelation between a high baseline rate and a high burst fration. An
example for the burst fration measured by the MILOM during a 3 day period is shown in
the lower graph of Figure 6.4.
Figure 6.5 shows the ounting rate of one photomultiplier of the PSL, in a 5-minute window.
In this example the baseline rate is about 70 kHz, and a number of smaller bursts our in
irregular intervals.
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Figure 6.4: Baseline rate and burst fration as measured by the MILOM between June 6th and 9th, 2005.
From [ANT05b℄.
6.4 Suppression of Optial Bakground
The optial noise whih auses the baseline rate an be suppressed by using the fat
that the hits aused by this bakground are randomly distributed and unorrelated. To
prevent noise ontamination of an event sample, the optial bakground must be ltered
out before the reonstrution (ontrary to atmospheri muon bakground whih is removed
by quality uts after the reonstrution). This ltering is done for every single hit of an
event by heking its orrelation with the other hits. If a hit does not fulll the ltering
onditions listed in the following setions, it will be removed from the event. The rst two
onditions are taken from the ANTARES Software Trigger [Ren04℄ where they are used as
trigger onditions to determine whether a physis event has been observed in the detetor
and should be written to disk, whereas the third ondition was developed in the ontext
of this thesis.
6.4.1 Filter Conditions for a Signal Hit
Condition 1: Global Causality
Every hit must be ausally onneted to the largest hit of the event. As the optial
bakground hits are usually single photon hits, the largest hit is onsidered not to be
aused by noise. The dierene between the arrival time ti of the onsidered hit and the
arrival time t0 of the largest hit in the event must fulll the ondition
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Figure 6.5: Photomultiplier ounting rate within a 5-minute time window, as measured with the PSL. One
an learly distinguish the baseline at about 80 kHz and the bursts. The gure was taken from [Es05℄ and
slightly modied.
|ti − t0|
!
< d/v + δt, (6.1)
where d is the distane of the two photomultipliers that were hit, v is the speed of light in
water and δt = 100ns is an extra time window to aount for time measurement inaura-
ies and delays due to sattering of the light.
Condition 2: Loal Coinidenes or Large Amplitude
Every hit must either have an amplitude larger than the adjustable Amin, or be in loal
oinidene within ∆t = 20ns to at least one other hit on the same storey. Amin was set
to 3 photoeletrons (pe) for this study.
Condition 3: Bakground Coinidene Suppression
To avoid aidental oinidenes of two bakground hits, those hits whih have passed
Condition 2 beause they are in oinidene with another hit (and not beause of their
large amplitude) must fulll an additional ondition: A seond pair of oinident hits on
the same string is required. If there are no other oinident hits on the same string, the
single pair of oinident hits an still pass the lter ondition if at least one of the hits has
an amplitude larger than Amin,2. Amin,2 is set to 1.5 pe, smaller than Amin, beause the
hits whih this ondition is applied to have already passed the other two onditions and
the bakground has therefore already been redued.
Conditions 1 and 2 are used in a very similar way in the ANTARES Software Trigger as
trigger onditions for physis events; they are further desribed in [Ren04℄. Amin = 3 pe of
Condition 2 is above the default value of 2.5 used for the Software Trigger, as in general
higher amplitudes for showers than for muon events are expeted in the individual photo-
multipliers.
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Condition 3 has been implemented additionally in the ontext of this thesis, in order to
prevent aidental oinidenes between two bakground hits on the same storey. These
oinidenes are not so rare, as one an see from the following onsideration:
The k-fold oinidene rate Rk of n photomultipliers within a oinidene window ∆t and
for a bakground rate r measured by eah photomultiplier, is [Bla99℄
Rk =
n!
(n− k)! · r
2 ·∆t, (6.2)
where
n!
(n−k)! = k!
(
n
k
)
is the number of ordered sequenes of k samples taken from a total
of n samples, without repetition. For n = 3 and k = 2 (oinidene in two out of three
photomultipliers on the same storey), and for r = 60 kHz and ∆t = 20ns, Rk=2 = 432 s
−1
.
The number of oinidenes N in the whole detetor (300 storeys), for a typial event
duration T = 2000ns, then beomes
N = 300 · Rk=2 · T = 0.26, (6.3)
approximately one bakground oinidene in every four events. The number of oini-
denes grows quadratially with inreasing bakground rate.
Only hits of an event whih have passed all the onditions are used. These hits are required
to be distributed on at least 3 dierent strings to generate a suiently large lever-arm for
the reonstrution algorithm. If this is not the ase, the event is disarded.
6.4.2 Event-wise Eieny and Purity
One an dene an event-wise eieny and purity for the ltered events. The eieny
is the ratio of the number of events whih have passed the lter onditions to the original
number of events. The purity is the ratio of the number of good events whih have passed
the lter to the total number of events whih have passed the lter. Here, good events are
dened as events that have passed the lter purely beause of signal hits. Therefore, as
an estimate for the purity we onsider the number of events of a bakground-free sample
whih have passed the lter, divided by the number of events of a bakground-ontaminated
sample whih have passed the lter.
Figure 6.6 shows the eieny and purity for event sample A (see appendix A.5), a sample
of NC events with interations within the instrumented volume and neutrino energies
between 100GeV and 100PeV, for dierent rates of optial bakground per photomultiplier.
For shower energies above 25TeV the eieny is pratially 100%, whereas for energies
smaller than 10TeV it dereases strongly. At low energies, also many signal hits are ut
away by the lter onditions, so that events fail to pass the lter; one an also see that the
eieny in these rst three bins inreases for higher bakground rates, whih means that
some of the bakground hits ontribute to the oinidenes and make the event pass the
lter. This also shows up in the purity plot: For the lowest energy bin, the purity for the
highest bakground rate of 140 kHz per photomultiplier is 0.65, so that 35% of the events
are bakground-ontaminated.
One an onlude that above 10TeV, the bakground lter works well.
6.4.3 Hit-wise Eieny and Purity
The eienies and purities shown in the previous setion state whether an event has
passed the lter onditions or not; they do not indiate whether the hits remaining in the
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Figure 6.6: Eieny (left) and purity (right) of the lter onditions desribed in the text, over shower
energy, for event sample A. The error bars are merely statistial, and for most energy bins they are
smaller than the points themselves. The alulation of these statistial errors is desribed separately in
Appendix C.1.
event after the lter ontain only signal, or also a fration of bakground. Note that a
hit is generated by the photons, both from Cherenkov light and from optial noise, whih
arrive at a photomultiplier within 25 ns (see Setion 4.3.1). We therefore dene a signal
hit as a hit with a bakground ontribution to the amplitude below 1%. To examine the
quality of the hits whih pass the lter, the hit-wise eieny and purity are introdued:
The hit-wise eieny is dened as the ratio of the number of signal hits after the lter
to that before the lter. The hit-wise purity is dened as the ratio of the number of signal
hits remaining after the lter to the total number of hits that are present after the lter.
Note that a purity of e.g. 60% implies that in 40% of the hits a fration > 1% of the
hit amplitude was aused by bakground. Eieny and purity have been alulated on
an event-by-event basis for a sample of ∼ 330 events, seleting every 10th event of event
sample A, both for 60 kHz and for 140 kHz optial bakground. The results are shown in
gures 6.7 and 6.8. The numbers vary from event to event beause the number of hits in
an event does not only depend on the shower energy, but also on the position and diretion
of the shower with respet to the detetor (note that the events used all had an interation
vertex inside the instrumented volume).
For the sample ontaminated with 60 kHz noise, the hit-wise eieny for events with a
shower energy below 10TeV is about 60%, inreasing to about 90% for the higher energies.
The purity for the 60 kHz sample is lose to 100% up to ∼ 40TeV and dereases to about
70% for higher energies. This is due to the longer duration of the events, whih auses a
larger total number of bakground hits.
For the events with 140 kHz bakground, the results are very similar. There are, however,
some additional events below 1Tev, whih have only passed the lter onditions beause
of the higher bakground rate.
It should be noted that the derease in the purity for the highest energies (for both bak-
ground rates shown) has no impat on the reonstrutibility of these events, beause the
signal amplitudes at these energies are so high that the bakground only ontributes a
small fration to the total hit amplitude. One an see this from Figure 6.9, where the
amplitude fration aused by signal hits with respet to the total amplitude measured in
an event is alulated for 140 kHz bakground ontamination, before the lter. The plots
was retrieved without simulation of the detetor eletronis, i.e. the shown hits are the
real photon signals, not the signals integrated over the ARS data taking time window (see
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Setion 4.3.1). It is therefore possible to take into aount the origin of the single photon
signals, from Cherenkov radiation or optial bakground. One an see that for events above
100TeV almost 100% of the amplitude is due to signal hits.
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Figure 6.7: Hit-wise eieny (left) and purity (right) of the lter onditions desribed in the text vs. the
shower energy Esh, for events with 60 kHz bakground per photomultiplier. Eah ross stands for one
event. Statistial errors alulated aording to Appendix C.1 are also shown.
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Figure 6.8: Hit-wise eieny (left) and purity (right) of the lter onditions desribed in the text vs. the
shower energy Esh, for events with 140 kHz bakground per photomultiplier. Eah ross stands for one
event. Statistial errors alulated aording to Appendix C.1 are also shown.
The studies show that the lter assures a satisfying suppression of the bakground above
10TeV, while for lower energies the majority of events is disarded. The pattern mathing
algorithm for the shower reonstrution (see Chapter 8) yields best results above 10TeV
(see also Chapter 10, where the results for the shower reonstrution are presented). The
reonstrution of low-energy events in the region below 10TeV requires the use of other
methods of bakground suppression, and dierent reonstrution algorithms, and is outside
the sope of this thesis.
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Chapter 7
Strategies for the Reonstrution of
Individual Shower Parameters
This hapter addresses strategies for the separate reonstrution of individual parameters
of a shower: the position, the diretion of the shower axis and the shower energy. Some of
the algorithms desribed here are part of the shower reonstrution pakage ShowerFitter
whih was reated within the ontext of this thesis
1
. Other algorithms have been developed
to hek the shower harateristis and are not intended for the use in a more sophistiated
analysis.
Setion 7.1 desribes an algorithm for the reonstrution of the interation vertex, needed
as an auxiliary variable for the reonstrution of diretion and energy. The interation
time is reonstruted in the same step but not used for further analysis
2
.
In Setion 7.2, strategies for the reonstrution of the shower diretion are desribed. These
algorithms are intended to provide a rst estimate of the shower diretion; the resolution
whih results from these algorithms is not good enough to qualify them for a preise physis
analysis. They an, however, be used to hek the onsisteny of the nal t.
Setion 7.3 desribes a method to reonstrut the energy of a shower, if its diretion and
the interation vertex are known. This method is not used in the nal reonstrution,
but it provides a good onsisteny hek for the ombined reonstrution of diretion and
energy.
It should be noted that within the ontext of this work, the shower diretion is onsidered
to be idential with the neutrino diretion, whih is a very good approximation within
the preision of a few degrees that an be reahed in the diretion reonstrution (see
Setion 5.3.3). For the angular resolution, the reonstruted shower diretion will therefore
be diretly ompared to the MC neutrino diretion.
7.1 Reonstrution of the Interation Vertex
7.1.1 Method
The reonstrution of the interation vertex is based on the simple assumption that a
shower is a point-like objet, as ompared to the granularity of the detetor. Therefore,
1
In the ShowerFitter, diretion and energy are orrelated and an therefore not be reonstruted sepa-
rately.
2
Even for astrophysial phenomena with a very short duration or periodiity, it is suient to use the
time of the rst trigger instead of the interation time; this allows for a timing better than 30 ns.
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all the light whih is produed in a shower is assumed to be emitted from one point. The
point whih is reonstruted under this assumption is in fat not equivalent to the inter-
ation vertex of the neutrino, but should rather be denoted as OM-entre-of-gravity ~r
CG
(the entre-of-gravity of all Optial Modules (OMs) whih have been hit in the event). To
alulate ~r
CG
, the point of photon emission is alulated from the time and position of all
hits, but negleting the hit amplitudes. To retrieve the true entre-of-gravity of a shower
~r
CGA
, as dened in Setion 5.3, the amplitudes of the hits are also taken into aount. The
relation between these two positions will be disussed below.
Under the assumption of a point-like light soure, the photon emission point an be re-
onstruted via a simple triangulation. For an event with hits in N OMs with spae-time
oordinates ~xi = (xi, yi, zi, ti) (i = 1, ..., N) and an unknown spae-time position of the
shower ~x = (x, y, z, t), the distane di between ~x and ~xi an be written as
di =
√
(x− xi)2 + (y − yi)2 + (z − zi)2 = c/n · (t− ti) (7.1)
where c/n is the veloity of light in water with the refration index n. The situation is
shown shematially for N = 5 in Figure 7.1. Note that in the ANTARES oordinate
system the spaial point (0,0,0) lies in the entre of the detetor, with the x axis pointing
towards East, the y axis towards North and the z axis vertially upward (see Figure 4.5).
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Figure 7.1: Shemati view of the geometri situation for the reonstrution of the shower position (x, y, z)
and interation time t.
Equation (7.1) yields a system of N equations whih are quadrati in the unknown ~x. By
pairwise subtration of these equations, the quadrati terms of the omponents of ~x anel
out and one is left with an (N − 1)dimensional linear equation system of the form
x2i+1 − x2i + y2i+1 − y2i + z2i+1 − z2i − (c/n)2t2i+1 + (c/n)2t2i
=2x · (xi+1 − xi) + 2y · (yi+1 − yi) + 2z · (zi+1 − zi)− 2(c/n)2t · (ti+1 − ti). (7.2)
This equation system an be written as
A · ~x = ~b, (7.3)
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where A is a (N − 1)× 4 matrix with the omponents
aj1 = 2 (xj+1 − xj)
aj2 = 2 (yj+1 − yj)
aj3 = 2 (zj+1 − zj)
aj4 = −2 (c/n)2(tj+1 − tj), (7.4)
and
~b is a vetor with the omponents
bj = x
2
j+1 − x2j + y2j+1 − y2j + z2j+1 − z2j − (c/n)2 · (t2j+1 − t2j), (7.5)
with j = 1, ..., N − 1.
The system (7.3) will normally not have an exat solution; a residual vetor ~r = A~x−~b,
~r 6= ~0 will remain. The best solution ~x of the equation system is given by the ondition∑
j
r2j = ~r
T~r = (A~x−~b)T (A~x−~b) = minimal. (7.6)
Dierentiating equation (7.6) by ~x results in
2ATA~x− 2AT~b = 0❀ ~x = (ATA)−1AT~b. (7.7)
This solution for ~x is alulated analytially. There are four unknowns in the (N − 1)
dimensional equation system (7.3), so N must be at least 5 to onstrain ~x unambiguously.
As a further ondition, it is required that hits our on at least 3 dierent strings. This is
neessary to ensure that the equation system (7.3) is solvable for all geometries. To ensure
numerial stability, the pairwise subtrations in equation (7.2) are arranged suh that they
preferentially involve hits from dierent strings.
7.1.2 Calulation of the Centre-of-Gravity of a Shower
As mentioned above, the entre-of-gravity of a shower ~r
CGA
, as introdued in Setion 5.3,
is dened as the point of photon emission alulated from the amplitude-weighted positions
and times of the hits. To alulate ~r
CGA
from the physis information that is available
after the detetor simulation, one has to follow the algorithm introdued in the last se-
tion, but the ontributions of the respetive OMs have to be weighted aording to the hit
amplitude that the OMs have measured.
However, the resolution ahieved when alulating ~r
CGA
is not better than the resolution
ahieved for the alulation of the OM-entre-of-gravity ~r
CG
. In the ombined reonstru-
tion of diretion and energy, for whih the shower position is needed as an auxiliary param-
eter, it makes no dierene whether the interation vertex, ~r
CG
or ~r
CGA
is used as shower
position, as long as the same variable is used onsistently throughout the reonstrution.
It was therefore hosen to use ~r
CG
throughout this thesis.
7.1.3 Results for Events without Bakground
The distane between the interation vertex and ~r
CG
is larger than the distane between
the interation vertex and ~r
CGA
. This an be seen in Figure 7.2 for event sample A
(see Appendix A.5), without optial bakground and without the usage of the lter for
bakground suppression (see Setion 6.4): On the left, the total distane between ~r
CG
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and the true interation vertex is shown. The average oset is ∼ 5.4m. On the right,
the orrelation between that distane and the shower energy is shown. A linear funtion
in log10E (shown in red) has been tted to the data within the region marked by the
endpoints of the line. The numerial values are:
∆r(E)/m = 2.8 + 0.48 · log10(E/GeV), (7.8)
with ∆r(E) = |~r
CG
−~r
MC
|, the distane between ~r
CG
and the MC interation vertex. The
green line marks the distane between ~r
CGA
and the MC interation vertex, equation (5.4)
(f. Setion 5.3). The distane between the interation vertex and ~r
CG
grows more steeply
with inreasing energy than the distane between the interation vertex and ~r
CGA
. This
is possibly due to the fat that for inreasing energy, a larger amount of Cherenkov light
is radiated in a transverse diretion (see Figure 5.9), and therefore, the hit amplitude in
OMs positioned at larger polar angles with respet to the shower axis inreases. This is
not taken into aount in the alulation of ~r
CG
, as all OMs are treated in the same way
and information regarding the hit amplitude is not used, and therefore the OMs in forward
diretion have too large an impat on the reonstruted position.
~r
CG
and ~r
CGA
are at the same position at ∼ 40TeV, and there is a disrepany of ∼ 1.5m
for the highest energies studied.
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Figure 7.2: Left: Total distane between reonstruted position and Monte Carlo (MC) vertex. Right:
Prole of the distane, plotted as a funtion of the MC shower energy. The green line refers to equation
(5.4) from Setion 5.3, the red line is a t to the data shown; the endpoints of the line mark the range of
the t.
Figure 7.3 shows the results of the reonstrution of ~r
CGA
for the individual spaial oor-
dinates and the interation time. The plots show as red lines the resolution of the three
spaial oordinates x, y, z after the reonstrution.
As mentioned above, ~r
CG
is a suitable auxiliary variable for the reonstrution of dire-
tion and energy. If a knowledge of the interation vertex is desired, its oordinates an
be alulated from ~r
CG
following equation (7.8), if diretion and energy are known (from
reonstrution or MC). The results of this alulation, using MC values, is shown as yellow
lled histograms in the same gure. The individual oordinates are now in good agreement
with the MC values. The resolution reahes values between 3.5m and 4.5m.
The slight trend to positive values in the z oordinate, both before and after the orretion
towards the interation vertex, is aused by the non-isotropi angular aeptane of the
OMs whih was not orreted for here. As the OMs are orientated looking downward at
a 45
◦
angle (see Setion 4.2), they are less sensitive for light oming from above than for
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light oming from below; however, the position reonstrution assumes an isotropi light
detetion eieny, whih leads to a slight overestimate of the z oordinate.
Figure 7.3 also shows the resolution of the reonstrution of the interation time, again be-
fore (red lines), and after the orretion towards the interation vertex (yellow areas). The
oset ∆t ≈ 20ns before the orretion orresponds to the distane ∆r between the inter-
ation vertex and ~r
CG
and is orreted aordingly, assuming that the partile is travelling
with the speed of light. For this orretion, again the MC values of energy and diretion
were used. The mean of the time distribution is loser to zero after the orretion, though
still slightly shifted to times reonstruted too large.
It an therefore be onluded that it is possible to reonstrut ~r
CG
and the interation ver-
tex of the shower with a resolution of a few metres by this method. As mentioned above,
the interation vertex is not needed for the nal reonstrution of diretion and energy,
as ~r
CG
is the reonstruted position whih is used throughout all following reonstrution
steps of the ShowerFitter (see following hapter).
The reonstruted position is an important parameter for the reonstrution of diretion
and energy, as the t for diretion and energy is likely to fail, if a wrong position is used
(see Setion 8.2.3).
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Figure 7.3: Results of the reonstrution of the interation point. Shown are the dierenes between the
reonstruted spaial oordinates x, y, z and those from the MC, and the dierene between the reon-
struted and the MC interation time. The red line shows the results for the reonstrution of ~r
CG
, the
yellow lled histograms those after orreting ~r
CG
towards the interation vertex, using equation (7.8).
7.1.4 Results for Events with Optial Bakground
Figures 7.2 and 7.3 are the results of the position reonstrution for a bakground-free
event sample. However, at the ANTARES site, signal events always ontain optial noise
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from the deep sea (see Setion 6.3). A lter strategy to suppress this bakground has
been desribed in Setion 6.4. The strategy is based on the distintion between physis
hits aused by Cherenkov radiation and optial noise hits. However, it is unavoidable that
some of the physis hits are also ut away in the lter or that some bakground hits remain
in the sample. Therefore, the results of the position reonstrution will be slightly dierent
for events with bakground and using the lter onditions.
Figure 7.4 shows the results of the position reonstrution for the same data sample as
used above, with neutrino energies between 100GeV and 100PeV, but with 60 kHz optial
noise added per OM. A t to the data is shown in blak, given by
|~r
CG
− ~r
MC
|/m = ∆r(E)/m = 3.9 + 0.36 · log10(E/GeV). (7.9)
The left plot indiates that the resolution has deteriorated, and also that some 660 events,
mainly with very small shower energies below 100GeV (see Figure 7.5), are missing in the
event sample beause they did not pass the lter onditions. From Figure 7.5 it an be
seen that events with a shower energy above ∼ 40TeV show very similar results with and
without bakground, whih is due to the larger overall number of hits in these events. For
events with a lower energy, on the other hand, the oset between the reonstruted and the
true position is slightly larger for the sample with than for the sample without bakground.
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Figure 7.4: Left: Total distane between reonstruted and MC vertex, for an event sample with 60 kHz
bakground. Right: Prole of the distane, plotted as a funtion of the MC shower energy. The green line
again refers to equation (5.4) from Setion 5.3, the red line is the t to the bakground-free data shown in
Figure 7.2, and the blak line is a t to the data shown in this gure.
7.2 Reonstrution of the Shower Diretion
7.2.1 Method 1: Using the Cherenkov Angle
An isolated harged partile (e.g. a muon) traversing the detetor medium produes Cheren-
kov light on a one along its trak. The opening angle of this one depends on the refration
index of the medium and is around 42.2◦ at the ANTARES site (see Setion 4.4.2). This
is also true for the individual harged partiles in a shower; however, with respet to the
shower axis, the angular distribution of the photons is rather broad, with a peak around
the Cherenkov angle (see Setion 5.3).
To get a rough estimate of the shower diretion, e.g. as a starting value for a later t, one
an assume that all photons are produed on a Cherenkov one under a xed angle with
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Figure 7.5: Comparison of the results of the position reonstrution for bakground-free events (blue
irles) and the results for the same events with 60 kHz bakground added and after the lter onditions
(red squares).
respet to the shower axis. One an then develop an algorithm to alulate the shower di-
retion from the position of the hits. This algorithm is very similar to the one desribed in
Setion 7.1. For shower reonstrution in ANTARES it has rst been desribed in [Nau03℄.
Its advantage is that it does not need the reonstruted interation point as input infor-
mation.
Consider Figure 7.6, where ~x = (x, y, z) represents the position vetor of the interation
and ~v = (vx, vy, vz) the diretion vetor of the shower. Here, the diretion of the shower is
approximated by the diretion of the neutrino (see Setion 5.3).
v
X
Xi
Cu
d =
 x −
 x
i
i
Figure 7.6: Shemati view of the geometri situation for the reonstrution of the diretion. ~v is the
diretion of the shower, X and Xi mark the position of the shower and OMi, respetively, and ϑC is the
Cherenkov angle, 42.2◦.
A photon emitted under the Cherenkov angle ϑC hits OMi, whih has the oordinates
~xi = (xi, yi, zi). The vetor ~di onneting the points X and Xi is then dened by
~di = (xi − x, yi − y, zi − z), with
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cos ϑC =
~v · ~di
|~v| · |~di|
(7.10)
for all hits i. The norm of ~di an be written using the speed of light and the travel time:
|~di| = (c/n)(ti − t). Suppose |~v| ≡ 1; then equation (7.10) an be rewritten as
cos ϑC · (c/n) · (ti − t) = vx · (xi − x) + vy · (yi − y) + vz · (zi − z)
for all hits i in the event. Again one an subtrat these equations pairwise, thus eliminating
the ontributions of ~x. For N hits one obtains (N − 1) equations of the form
cos ϑC · (c/n) · (ti − ti+1) = vx · (xi − xi+1) + vy · (yi − yi+1) + vz · (zi − zi+1)
where vx, vy and vz are the unknown quantities. This system of equations an be solved
as desribed in Setion 7.1.
This algorithm yields a rough estimate of the shower diretion, as shown in Figure 7.7 for
event sample A, without bakground. The resolution is about 36
◦
in zenith angle θ and
79
◦
in azimuth angle φ. In θ, there is a systemati shift towards small angles whih is
due to the fat that downgoing events (θ > 90◦) are often misreonstruted as upgoing.
This is illustrated in Figure 7.8, where the reonstruted (in green) and the MC values
(bold line) of θ are plotted for eah event. While the MC distribution is at in cos θ,
the reonstruted one shows a lear trend towards smaller values of θ and therefore tends
to reonstrut downgoing events as upgoing. The eet an be explained as shematially
shown in Figure 7.9: One side (marked as a blue, dotted line) of the Cherenkov one annot
be deteted beause the light hits the OM at an angle where the OM's angular aeptane
is zero. With the information from only one side of the one, the diretion of the shower
might as well be the vetor marked ~v′ in the plot. In this ase, the reonstruted diretion
is 2ϑC o the real diretion and is upgoing instead of downgoing. In a real event with hits
in more than two OMs, the eet of the missing information is less prominent, and the
shift in θ is about −35◦ on average.
The result of this method depends also on the shower energy. This is demonstrated in
Figure 7.10, where the dierenes between the reonstruted and the MC angles, as shown
in Figure 7.7, are plotted versus the MC shower energy. Espeially for φ, the resolution
deteriorates very strongly for inreasing shower energies. This deterioration an be under-
stood from the fat that the distribution of the photon radiation angle with respet to the
shower axis beomes broader and broader for higher shower energies (f. Figure 5.9).
7.2.2 Method 2: Amplitude Ratio
As shown in the previous subsetion, the reonstrution of the shower diretion with the
Cherenkov angle method is not always suessful. The knowledge of the neutrino orienta-
tion, i.e. whether a neutrino is upgoing or downgoing, is, however, a signiant quantity in
the reonstrution. Most importantly, it has to be exluded that the event was aused by
a downgoing atmospheri muon imitating a shower (see Setion 6.1), instead of an upgoing
neutrino.
Therefore, a method was developed to be able to quikly distinguish between upgoing and
downgoing events. The algorithm is simple: The detetor is divided into two regions by
plaing a horizontal plane, the so-alled Z-plane, at the z-oordinate of the interation
vertex. The assumption is then that for upgoing events, the largest part of the emitted
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Figure 7.7: Results of the reonstrution of the diretion, using the Cherenkov one ondition, for the
zenith angle θ and the azimuth angle φ. Shown are the dierenes between the reonstruted angles and
the true MC angles.
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Figure 7.8: MC and reonstruted zenith angle θ.
It is learly visible how the reonstrution tends
to misreonstrut downgoing events (θ > 90◦) as
upgoing.
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Figure 7.9: Shemati view of a possible misreon-
strution: Instead of the true diretion ~v, the re-
onstrution produes ~v′ as a result, due to the un-
favourable angle with respet to the OM orientation.
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Figure 7.10: Resolution of the zenith angle θ (left) and the azimuth angle φ (right) as shown in Figure 7.7,
plotted vs. the MC shower energy.
light is measured in OMs whih are positioned above the Z-plane, while for downgoing
events, a larger fration is measured below the Z-plane. A shemati view of the geometri
priniple is shown in Figure 7.11.
To disriminate between upgoing and downgoing events, the ratio rpe of the amplitudes
measured in the two regions, i.e. of the total number of photo-eletrons in OMs above the
Z-plane, n>pe, and below the Z-plane, n
<
pe, is alulated:
rpe =
n>pe
n<pe
. (7.11)
To avoid edge eets, the regions inside whih n>pe and n
<
pe are evaluated are hosen sym-
metrially, i.e. the number of storeys used for the alulation is the same for both sides
of the Z-plane and dened by the minimum number of storeys between the Z-plane and
the detetor top or bottom. By this method, the probability that rpe is aeted by edge
eets is redued. Note that rpe an only be alulated if the event ours well inside the
detetor, suh that n<pe 6= 0.
rpe as alulated for MC events from event sample A without bakground is shown in
Figure 7.12 on the left hand side. As expeted, rpe is muh smaller for downgoing than for
upgoing events. By applying a ut on rpe, events are lassied as downgoing or upgoing,
respetively. In the example shown here, the ut was applied at rpe = 3.3. 88.1% of the
upgoing events are above that value, so that the probability to misinterpret an upgoing
neutrino as downgoing is 11.9%; on the other hand, 80.7% of the downgoing events have
a ratio smaller than 3.3, so that the probability to misinterpret a downgoing neutrino as
upgoing is 19.3%.
The right hand side of Figure 7.12 shows the improvement whih is possible if this method
is ombined with the one from Setion 7.2.1: The red histogram shows the equivalent
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Figure 7.11: Geometri priniple of the amplitude ratio method: The instrumented volume is symmetrially
divided into two parts by a horizontal plane through the z-oordinate of the interation vertex.
distribution as in Figure 7.7 (left). The reonstruted values of θ were then orreted
by using rpe; if the orientation did not agree with the reonstruted θ, θ was shifted to
π − θ. The omparison of the reonstruted and the MC diretion after this orretion is
shown on the right hand side of Figure 7.12 in yellow. Both the mean and the RMS of the
distribution are improved by the orretion. The number of events shown in Figure 7.12
is smaller than in Figure 7.7, as the events with undetermined rpe (due to n
<
pe = 0) have
been removed from the sample.
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Figure 7.12: Left: Ratio of pe above and below the shower position, for upgoing and downgoing events;
both histograms have been normalised to 1. The red line marks the ut proposed at a ratio of 3.3. Right:
Distribution of the dierene between the reonstruted and the MC θ angles, before the amplitude ratio
orretion (red lines) and afterwards (yellow histogram).
7.3 Energy Reonstrution
The algorithm for the reonstrution of the shower energy whih is desribed in this setion
uses the fat that the total hit amplitude, i.e. the sum of the amplitudes of all hits in an
event, orreted aording to distane and angle of eah hit with respet to the shower, is
orrelated to the shower energy. The method desribed here is not used in the nal energy
determination, but is useful for onsisteny heks or for the analysis of data with known
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shower diretion and interation vertex. It uses the simplied assumption that all photons
are emitted from one point, ~r
CG
(see Setion 7.1), marked X in Figure 7.13, and under a
xed polar angle ϑC with respet to the shower axis, i.e. along a one (see Figure 7.13).
ϑC is dened as:
cos ϑC =
~di · ~v
|~di| · |~v|
(7.12)
Assuming that the photons are emitted isotropially in the azimuthal angle ϕ, the photon
density (in units of length
−1
) at a distane d = |~d| from ~r
CG
is proportional to the inverse
of the irumferene of the one, and thus proportional to 1/R = 1/(d · sin(ϑC)) (see
Figure 7.13). The measured amplitude ai in OM i an therefore be regarded as the photon
density times a unit segment of the irle, ai,0 = ρi · 2πR0; the total number of photons
on the irle is then ai = ρi · 2πRi = ai,0 · Ri/R0. The attenuation in water, exp(−d/τ),
is also taken into aount; as sattering is not fully simulated in the light propagation
software, the attenuation length τ is set to 55m, whih orresponds to the absorption
length at 475 nm, the wavelength of maximum absorption at the ANTARES site (see
Setion 4.4.1). Thus, the orreted number of photons acorri emitted along the one hitting
OM i is acorri = ai exp(di/τ). The total number of photons A in an event with N hits is
therefore
A =
N∑
i=1
acorri =
N∑
i=1
ai,0 · Ri
R0
· exp(di/τ). (7.13)
Ri
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Figure 7.13: Shemati view of the geometri situation for the reonstrution of the energy: ~v is the
diretion of the shower axis, while
~di is the diretion of the photon hitting OM i.
For event sample A, without optial bakground, A was alulated using the MC diretion
and ~r
CG
alulated aording to equation (7.8), using MC values. The distribution of A
versus the MC shower energy Esh is shown in Figure 7.14 on the left hand side.
To nd a t urve to this distribution, the prole of the MC shower energy Esh with respet
to A has been onsidered, and a polynomial has been t to that prole, as shown on the
right hand side of Figure 7.14. This yields the following relation between averaged total
amplitude and shower energy:
log10(Esh/GeV) = 0.92 · log10A− 0.71. (7.14)
Something whih has not been taken into aount for the alulation of the total amplitude
A is the fat that the photomultiplier eletronis saturate at a ertain amplitude, depending
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Figure 7.14: Left: Shower energy Esh in GeV vs. total orreted amplitudeA per event. The linear funtion
whih has been tted to the distribution is also shown. Right: Prole of the distribution shown on the
left, and t.
on the data taking mode (see Setion 4.3.1). To study the eet of saturation on the energy
reonstrution, two values for saturation, 200 pe (equivalent to the WF mode) and 20 pe
(equivalent to the SPE mode) have been studied in addition to the non-saturation ase
shown before. The resulting distributions are shown in Figure 7.15.
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Figure 7.15: Shower energy Esh in GeV vs. total 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ted amplitude A per event, for a saturation at
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h have been 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For the saturation at 200 pe, one nds the following parameterisation for the shower energy:
log10(Esh/GeV) = 0.040 · (log10A)2 + 0.58 · log10A+ 0.045; (7.15)
for the saturation at 20 pe, the parameterisation beomes
log10(Esh/GeV) = 0.066 · (log10A)2 + 0.41 · log10A+ 0.31. (7.16)
As this algorithm makes use of the shower position and diretion, it an only be used if
these two values are at least approximately known.
Results for this energy reonstrution method using the MC values for shower position and
diretion are shown in gures 7.16, 7.17 and 7.18 for no saturation, saturation at 200 pe, and
saturation at 20 pe, respetively. All plots show distributions of the logarithmi dierene
of the reonstruted and the MC shower energy on the left hand side, and the logarithm
of the reonstruted energy versus that of the MC shower energy on the right hand side.
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The ideal result of a omplete agreement is marked by a diagonal line. No event or hit
seletion of any kind was used in this reonstrution, and the events were bakground-free.
The best results are obtained in ase of no saturation. The overall resolution is ∼ 0.32,
whih orresponds to a fator of 100.32 ≈ 2.1 in energy. One an see on the right hand side
of Figure 7.16 that the resolution remains approximately onstant for all energies.
In the ase of saturation at 200 pe, the WF mode, the resolution deteriorates slightly to
0.36, orresponding to a fator of 100.36 ≈ 2.3 in energy, and for saturation at 20 pe, the SPE
mode, the resolution beomes 0.40, whih orresponds to 100.40 ≈ 2.5. The deterioration is
not surprising, sine the relation between the measured amplitude and the shower energy
is smeared by the saturation eets.
For this omparably simple method and keeping in mind the simpliations that have been
used in desribing the orrelation between total amplitude and energy, these results are
satisfying. The resolution is already in the same order of magnitude as the resolution
ahieved for the reonstruted muon energy in ANTARES [Rom03℄.
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Figure 7.16: Results of the energy reonstrution using the orreted total amplitude, for the ase of no
saturation: Distribution of the logarithmi quotient of reonstruted and MC shower energy (left), and
reonstruted versus MC shower energy as ontour plot (right).
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Figure 7.17: Results of the energy reonstrution using the orreted total amplitude, for the WF mode
ase, saturation at 200 pe: Distribution of the logarithmi quotient of reonstruted and MC shower energy
(left), and reonstruted versus MC shower energy as ontour plot (right).
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Figure 7.18: Results of the energy reonstrution using the orreted total amplitude, for the SPE mode
ase, saturation at 20 pe: Distribution of the logarithmi quotient of reonstruted and MC shower energy
(left), and reonstruted versus MC shower energy as 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Chapter 8
Combined Reonstrution of Shower
Parameters using a Maximum
Likelihood Fit
The major reonstrution pakage ShowerFitter, whih was developed in the ontext of this
thesis, reonstruts simultaneously the diretion and energy of a neutrino-indued shower,
using a maximum likelihood t. This hapter desribes the reonstrution algorithm ap-
plied, i.e. the mathing between the measured and the alulated hit amplitudes in eah
Optial Module (OM).
In Setion 8.1 the alulation of the hit amplitude in an OM is disussed, while Setion 8.2
provides further details of the t, like the determination of the initial parameter values,
and a loser examination of the likelihood parameter spae with examples for dierent
event topologies.
8.1 Pattern Mathing Algorithm
The reonstrution of a hadroni shower in a sparsely instrumented detetor like ANTARES
is a hallenging task, due to utuations in the Cherenkov light emission between dierent
showers, and the fat that most of the light is lost in the sparsely instrumented detetor.
It is therefore important that all relevant information available from the measurements is
used. As a onsequene, it is not only important for the reonstrution whih OMs have
been hit (or not hit), but also how large the hit amplitudes are.
The reonstrution strategy presented here is based on pattern mathing: For an assumed
shower diretion and energy, what would be the expeted hit amplitude in eah OM? And
how does this hit pattern ompare to the atual measurement?
The variables whih are to be determined are the shower diretion, i.e. the azimuth angle
φ and the zenith angle θ, and the shower energy. As the pattern mathing deals with hit
amplitudes, and as the total hit amplitude of an event is diretly orrelated to the shower
energy (see e.g. Figure 8.10), the total hit amplitude, in other words, number of (measured)
photo-eletrons will be used as third t parameter. The onversion between the number of
photo-eletrons and the shower energy will be disussed at the end of this setion.
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8.1.1 Geometrial Situation, OM Eieny and Attenuation
To orrelate the shower diretion with the measured hit amplitudes, some geometrial
onsiderations are needed. The situation is explained shematially in Figure 8.1; the
following notations are used:
 ~v = assumed diretion of the shower
 P = point from whih a photon generating hit i was emitted from the shower
 Qi = position of OMi whih has measured the orresponding hit i

−−→
PQi = diretion of the photon
 ϑi = angle between ~v and
−−→
PQi
 αi = opening angle of OMi, approximated as tanαi = ROM/|−−→PQi|, with the OM
radius ROM = 21.7 m
 ~oi = orientation of OMi
 γi = angle between
−−→
PQi and ~oi.
In order to obtain the total number of photo-eletrons N in the event from the hit amplitude
ni in one OM, the relative angular eieny ai(γi) of the OM has to be taken into aount.
A parameterisation from the ANTARES software [Cas99b℄ has been used to desribe the
angular eieny. The parameterised funtion ai is shown in Figure 8.2.
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i
Figure 8.1: Denition of the variables used to al-
ulate the total photo-eletron number from the
shower diretion and the hits in the single OMs.
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Figure 8.2: Parameterised angular eieny ai of
the ANTARES OMs, from [Cas99b℄.
One also has to take into aount the attenuation Λatt of light in water:
Λatt = e
−|−−→PQi|/τ .
Here, τ is the attenuation length and has been set to 55m, orresponding to the maximum
absorption length at a wavelength of 475 nm (see Setion 4.4.1). Sattering eets are not
fully simulated by the light propagation software and are therefore not taken into aount
here; however, the eetive sattering length at the ANTARES site is measured to be
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about 300m, suh that sattering would only slightly inrease the photon attenuation.
Note that for these onsiderations, the Cherenkov light is assumed to be monohromati.
Beause of this, also the quantum eieny of the OMs is not taken into aount as it is
equal for all OMs and hene yields only an additional global normalisation fator. The goal
of the alulations presented here is not to determine the true number of photons emitted
from the shower, but to nd a measure for the energy of the shower.
8.1.2 Angular Photon Distribution
It is assumed that the photons emitted by the shower are distributed uniformly in ϕ and
aording to a distribution in ϑ obtained from Monte Carlo studies whih has been shown in
Figure 5.9. The distribution is shown again, together with the parameterisation presented
in the following, in Figure 8.4. The distribution is haraterised by a large, narrow peak
at about 42
◦
and is slightly asymmetri, with a larger tail towards larger angles. It has
therefore been parameterised by a Breit-Wigner-distribution with its maximum at the peak
position and two Gaussians, one with its mean value approximately at the peak position
and one with its mean at about 79
◦
to aount for the tail; the parameterisation funtion
D(ϑ,Esh) is given by:
D(ϑ,Esh) = p ·
(
p0√
2πp1
· e−(ϑ−p2)2/(2p21) + p3√
2πp4
· e−(ϑ−p5)2/(2p24) + p6
2π
p7
(ϑ − p8)2 + p
2
7
4
)
(8.1)
Here and in the following, ϑ is measured in degrees. The distribution impliitly depends
on the shower energy Esh, through the parameters p0 to p8. These parameters have been
determined by tting equation (8.1) to the photon distribution, at 11 dierent shower
energy values between ∼ 560GeV and ∼ 56PeV, equally distributed in log10Esh. The
parameters have than been interpolated as funtions of log10Esh as shown in Figure 8.3.
Due to event-to-event utuations, it was not always possible to nd a t funtion for the
whole energy range. The values for the parameters found at the lowest energies apparently
do not t to the overall shape of the parameter distributions and were left out in the ts. It
will however be shown below that nevertheless, D(ϑ,Esh) desribes the photon distribution
at these energies well.
The parameterisations for the parameters are:
p0 =0.321 +0.0150· log10(Esh/GeV)
p1 =14.304+0.336 · log10(Esh/GeV)
p2 =40.791+0.660 · log10(Esh/GeV)
p3 =0.0779− 0.0137· log10(Esh/GeV) + 0.0055 · (log10(Esh/GeV))2
p4 =15.150+2.843 · log10(Esh/GeV)
p5 =78.694− 0.0367· log10(Esh/GeV)
p6 =0.688 − 0.0506· log10(Esh/GeV)
p7 =6.181 − 0.100 · log10(Esh/GeV)
p8 =42.144+0.0677· log10(Esh/GeV)
D(ϑ,Esh) is normalised to 1. The normalisation parameter p is alulated analytially by
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solving the integral
∫ 180◦
0◦
D(ϑ,Esh)
p
dϑ ≈
∫ ∞
−∞
(
p0√
2πp1
· e−(ϑ−p2)2/(2p21) + p3√
2πp4
· e−(ϑ−p5)2/(2p24)
)
dϑ
+
∫ 180◦
0◦
(
p6
2π
p7
(ϑ− p8)2 + p
2
7
4
)
dϑ =
1
p
(8.2)
whih gives
p = (p0 + p3 + p6/π · (arctan((360◦ − 2p8)/p7)− arctan(−2p8/p7)))−1. (8.3)
Here, the fat that the two Gaussian distributions in D(ϑ,Esh) have their maxima in the
middle of the ϑ-parameter spae, at ∼ 43◦ and ∼ 79◦, and fall to very small values beyond
0◦ and 180◦, is used to allow for the approximate analytial alulation of the normalisation
integral.
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Figure 8.3: Energy-dependent values of the nine parameters in the funtion desribing the ϑ distribution,
D(ϑ,Esh), and t urves to the values.
The main purpose of the parameterisation of the parameters was to nd a t whih is in
the ideal ase a rst degree polynomial, to keep equation (8.1) as simple as possible. The
parameterisations presented here sue to desribe the distribution of ϑ for dierent ener-
gies, as an be seen from Figure 8.4, where the distribution of ϑ is displayed for the event
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sample A, together with the parameterisation D(ϑ,Esh), for energies between 300GeV
and 30PeV (one deade per histogram). Here, D(ϑ,Esh) was alulated at the logarithmi
entre of the respetive energy bin. For angles ≤ 120◦, the agreement between D(ϑ,Esh)
and the photon distribution is very good. The slight deviations between D(ϑ,Esh) and
the photon distribution at larger angles are insigniant for the alulation of the total
photo-eletron number.
It should be noted that for these studies the angle ϑ was alulated with respet to ~r
CG
,
the OM-entre-of-gravity, as alulated in equation (7.8), not the interation vertex. The
reason for this is that this position is the outome of the position reonstrution, as dis-
ussed in Setion 7.1. Note also that during the t, the momentary value of Esh is used
for the determination of D(ϑ,Esh).
D(ϑ,Esh) has a similar shape also for energies larger or smaller than the ones studied here,
so that also in the ase of very large or very small energies, the photon distribution is still
desribed approximately. However, it has to be ensured that none of the parameters p0p8
beomes negative during the t, whih is ahieved here by setting the lower limit of all
parameters to 10−10.
8.1.3 Calulation of the Photo-Eletron Number from the Hit Ampli-
tudes
All the variables that are needed to alulate the photo-eletron number Ni in the event
from the hit amplitude ni of hit i in OMi have now been olleted. Starting point is the
orretion for the angular eieny ai(γi) of the OM:
n′i =
ni
ai(γi)
.
Next, the photon attenuation is taken into aount:
n′′i =
n′i
Λatt
.
In the last step, the photons are distributed isotropially in ϕ and aording to D(ϑ,Esh)
in ϑ:
n′′′i = n
′′
i ·
360◦ · sinϑi
2αi
· 1
D(ϑi, Esh) · 2αi ≡ Ni,
where Ni is the total number of photo-eletrons in the event aording to hit i.
Altogether, one obtains:
Ni =
ni
ai(γi) · Λatt ·
360◦ · sinϑi
2αi
· 1
D(ϑi, Esh)2αi
. (8.4)
Ni is alulated independently for all hits i in the event. After this, the median of all Ni
is alulated; this value is then used as a starting value for the number of photo-eletrons
produed by this shower, whih is diretly proportional to the shower energy. Figure 8.5
shows exemplarily the distribution of the photo-eletron numbers alulated one for every
hit in an event, for a seletion of ve events from event sample A with dierent energies.
Though for most events there is a lear trend towards one favourable value for the photo-
eletron number, the values of the photo-eletron numbers alulated from eah hit an be
very widely spread, mainly due to the angular aeptane ai(γi) whih dereases to very
small values for inident angles larger than ∼ 115◦ (see Figure 8.2). Therefore, to obtain
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Figure 8.4: Angular distribution of the Cherenkov photons with respet to the shower axis for deades
of energy between 300GeV and 30PeV, together with the parameterisation funtion for an energy in the
logarithmi entre of the respetive energy range (solid lines).
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one single and reliable value for the photo-eletron number in the event, the median was
hosen; it is more stable against wide spreads of the values than the arithmeti mean. The
MC shower energy plotted versus the median of the photo-eletron numbers alulated in
the desribed way is shown in Figure 8.6 for event sample A.
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Figure 8.5: Photo-eletron number in 5 events as alulated from the hit amplitudes in every hit OM; the
values for eah event are marked by dierent olours. The respetive values of the medians are also shown
as dashed lines.
8.1.4 Comparison of the Measured and the Calulated Hit Amplitudes
To alulate the expeted amplitude ni,c in OMi from the total number of photo-eletrons
N , position, diretion and energy of the shower are needed. The position is alulated
following the algorithm from Setion 7.1, and for the shower diretion, a starting value is
assumed from a san of the parameter spae (see Setion 8.2.1). The shower energy an
be alulated from the total number of photo-eletrons N (see Setion 8.2.2). By inverting
equation (8.4), ni,c is alulated as
ni,c = N · ai(γi) · Λatt · 2αi
360◦ · sinϑi ·D(ϑi, Esh) · 2αi. (8.5)
ni,c an then be ompared with ni,meas, the atually measured amplitude in OMi. The
lower limit of ni,meas is the SPE threshold (see Setion 4.3.1); measured amplitudes below
the threshold are onsidered as noise. For this study, an SPE threshold of 0.3 pe was used.
The measurement proess in the photomultiplier smears the number of photo-eletrons, so
that the probability to measure a signal ni,meas when j photo-eletrons were generated in
the photomultiplier is
Pg(ni,meas, j) =
1
σj ·
√
2π
· e−(ni,meas−j)2/(2σ2j ), j > 0. (8.6)
The width σj depends on the number of photo-eletrons j. It has been alulated for
1 ≤ j ≤ 210 as proposed by [Kop05℄: For eah j, a measurement is simulated 5 · 108 times
using the ANTARES photomultiplier simulation [Cas99b℄. A Gaussian t is the applied
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Figure 8.6: Monte Carlo shower energy over the median of the photo-eletron numbers Ni, alulated from
the hit amplitude ni in all OMs, as desribed in the text.
to the resulting distribution of ni,meas; the width of the t is the desired σj . The values of
σj alulated that way are as shown in Figure 8.7.
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Figure 8.7: Width σ of the Gaussian distribution (8.6) for signals between 1 and 210 photo-eletrons.
The probability Pg(ni,meas, 0) to measure an amplitude ni,meas if no photo-eletrons at all
been produed in the OM, i.e. to measure eletronis noise, must be taken into aount
as well. For the analysis of real data, the individual alibration data for eah OM would
have to be used to determine the noise pedestal (see Figure 4.10). The minimum threshold
would have to be adjusted for eah event, as is is set aording to the urrent optial
noise. For this MC based study, the noise term is estimated as an exponentially dereasing
funtion, with Pg(ni,meas, 1) ≥ Pg(ni,meas, 0) above the minimum threshold ni,meas = 0.3:
Pg(ni,meas, 0) = 0.99 · e−10·ni,meas . (8.7)
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The fator 0.99 is used to ensure Pg(ni,meas, 0) < 1.
The relation between the expeted amplitude ni,c and the atual photo-eletron number j
an be desribed by a Poissonian distribution:
Pp(ni,c, j) =
nji,c
j!
· e−ni,c . (8.8)
If the expeted amplitude is ni,c, the probability li,j , that j photo-eletrons have been pro-
dued whih generate a measured amplitude ni,meas, is the produt of the two probabilities
Pp(ni,c, j) and Pg(ni,meas, j):
li,j = Pp(ni,c, j) · Pg(ni,meas, j). (8.9)
Summing over all j gives the probability to measure ni,meas if ni,c is expeted:
Li(ni,meas, ni,c) =
jmax∑
j=jmin
li,j =
210∑
j=0
Pp(ni,c, j) · Pg(ni,meas, j). (8.10)
The lower limit of the summation represents the ase of no photo-eletrons being produed
in OMi, while the upper limit of 210 is 10 pe above the saturation of the photomultiplier
eletronis of 200 pe. In priniple, both in simulation and in measurement, a signal of
200 pe an also be aused by more than 200 photo-eletrons, suh that the upper limit of
j ould be hosen arbitrarily large. However, both Pg(ni,meas, j) and Pp(ni,c, j) derease
rapidly for large j, and it is therefore possible to set the upper summation limit slightly
above the saturation limit, at 210.
Li is the funtion whih determines the likelihood of the ombination ni,meas and ni,c in
OMi. Therefore, the overall probability P for a hit onstellation in the whole detetor is
given by multiplying the probabilities of the single OMs:
P =
900∏
i=1
Li =
900∏
i=1
210∑
j=0
Pp(ni,c, j) · Pg(ni,meas, j)
=
900∏
i=1
210∑
j=0
nji,c
j!
· e−ni,c · Pg(ni,meas, j)
=
900∏
i=1
210∑
j=0
(
(Ni · ai(γi) · Λatt · 2αi360◦·sinϑi ·D(ϑi, Esh) · 2αi)j
j!
· exp{−(Ni · ai(γi) · Λatt · 2αi
360◦ · sinϑi ·D(ϑi, Esh) · 2αi)} · Pg(ni,meas, j)
)
.
(8.11)
8.2 The Maximum Likelihood Fit
The shower diretion and energy are determined by maximising the likelihood in equa-
tion (8.11). In this proess, the log likelihood lnP is onsidered instead of P. By multiply-
ing the expression with −1, the maximisation problem is replaed by a minimisation. The
nal expression to be minimised beomes therefore
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L = − lnP =
900∑
i=1
(− ln(Li)). (8.12)
To minimise L, the tting software MINUIT [Jam98℄ whih was developed at CERN is
used. The tehnial details of the minimisation are explained in appendix B, where also a
hart of all steps of the reonstrution an be found.
8.2.1 Starting Values for the Fit
To start the t, suitable values for the three parameters θ, φ and Esh are needed. They
are determined by sanning the whole parameter spae. The san is done by alulating
the value of the likelihood funtion for a seletable number of data points. For the results
shown in the following, 15 points were used for θ and φ eah, and 5 for the photo-eletron
number, so that the likelihood was alulated at 15 × 15 × 5 points. The 15 points of
the diretional variables were equally distributed, between −π and π in φ and between
−1 and 1 in cos θ. The 5 points for the photo-eletron number were equally distributed
between log10(Nm) − 2 and log10(Nm) + 2, where Nm is the median of the total photo-
eletron numbers alulated for all hits in the event, as desribed in Setion 8.1.3. The
reonstruted position of the shower, alulated as desribed in Setion 7.1, and the shower
diretion, alulated under the assumption that all photons are emitted from the shower
under the same angle ϑC , as desribed in Setion 7.2.1, were used as input variables for
the alulation of Nm.
The parameter values for whih the likelihood is smallest are then used as starting values
for the atual t. These starting values are often already quite lose to the MC values,
as an be seen from Figures 8.8 and 8.9, where the values of θ, φ and the photo-eletron
number from the san are plotted versus the respetive MC values. While the bins for the
likelihood alulation are visible in θ and φ, for the photo-eletron number this is not the
ase, beause Nm is dierent in eah event.
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Figure 8.8: Fit variables θ and φ as determined by a san of the likelihood parameter spae drawn over
their respetive MC values. One an see that the algorithm is suient in most ases to nd a parameter
value lose to the MC value.
8.2.2 Calulation of Neutrino Energy from the Photo-Eletron Number
A formula to alulate the energy of the hadroni shower from the reonstruted photo-
eletron number was determined from suessfully reonstruted events, by omparing the
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Figure 8.9: The t variable photo-eletron number as determined by a san of the likelihood parameter
spae, vs. the MC shower energy. The linear funtion (8.13) whih is used to alulate the shower energy
from the photo-eletron number is also shown.
reonstruted photo-eletron number to the MC shower energy. Here, a sample of 140000
NC events between 10GeV and 10PeV was used (event sample B, see Appendix A.5.1). The
events were reonstruted by minimising equation (8.12); Figure 8.10 shows the distribution
of those events for whih the diretion was reonstruted with an error smaller than 10◦,
and a parameterisation of the orrelation between photo-eletron number and MC energy,
log10(Esh/GeV) = −3.03 + 0.99 · log10N. (8.13)
Funtion (8.13) is valid within the energy range of 103GeV≤ Esh ≤ 105.2GeV. For lower
and higher shower energies, the distribution is bent towards smaller photo-eletron num-
bers
1
.
The shower energy an thus be alulated from the photo-eletron number. However, to
retrieve the neutrino energy is not straight-forward, as for NC events a fration of (1− y)
of the primary neutrino energy (where y is the Bjorken variable, see Setion 3.1.1) goes
into the seondary neutrino. Therefore, the shower energy as alulated from the reon-
struted photo-eletron number only yields a lower limit on the primary neutrino energy.
On the other hand, in the CC reation of νe, all neutrino energy goes into showers, and
the signature of this event type will not be distinguishable from that of NC events, so that
in the end the energy alulated using equation (8.13) is to be regarded as the neutrino
energy. The omparison with the MC neutrino energy should then, for a ombined sample
of shower-type events, lead to a narrow peak at Esh = Eν for the νe CC events, with a
long tail towards the region of a reonstruted energy that is smaller than the MC neutrino
energy, as shown in Figure 8.11. For this plot, events with an angular error smaller than
10◦ were seleted from event sample B (NC events) and from the νe CC event sample (see
Appendix A.5.2).
1
if the aim was to desribe the whole distribution as exatly as possible, a seond degree polynomial
would be more suitable. However, it would then be neessary to restrit the parameter spae to the
region where the polynomial is monotonially inreasing. The usage of onstrained parameters is not
reommended by the MINUIT authors [Jam98℄ and was therefore avoided.
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Figure 8.10: MC shower energy over reonstruted photo-eletron number, for events with an angular error
< 10◦, together with the t from equation (8.13).
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Figure 8.11: Error in reonstruted neutrino energy for a mixed sample of shower-type events reonstruted
with an angular error smaller than 10◦.
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8.2.3 Examination of the Likelihood Parameter Spae
From the desription of the likelihood funtion given in the above setions it is in priniple
possible to reonstrut any kind of shower-type event produing hits in the detetor. In
reality, however, it is important for the suess of the reonstrution where, with respet
to the instrumented volume, an interation took plae, and whether this position is well
reonstruted or not. In this setion, several dierent event topologies are presented.
The list of topologies is by no means exhaustive, but it gives an overview of the possible
problems that might be enountered in the event reonstrution.
The Ideal Event
The ideal shower-type event is that of a neutrino whih interats inside the detetor, so that
the whole shower is right in the middle of the instrumented volume. In Figures 8.12, 8.13
and 8.14, the shape of the likelihood funtion for three well-reonstrutible events is shown.
The log likelihood is alulated for the variation of one of the three t parameters, keep-
ing the other two parameters onstant at their true values or at their nal values from
the t. The true MC value and the reonstruted value are also shown. The events
shown in Figures 8.12 and 8.13 had similar shower diretions, but dierent shower energies
of Esh = 3.7TeV and Esh = 19TeV, respetively. The event shown in Figure 8.14 had a
shower energy of Esh = 269TeV. For the variation of the photo-eletron number, the shape
of the likelihood is similar in all three events, and very smooth. For the variation of θ and
φ, the likelihood shows larger utuations; a lear global minimum is visible in all ases,
but a number of loal minima is present as well. The neutrino shown in Figure 8.14 had a
large zenith angle, i.e. it ame from above; it interated not far away from the upper edge
of the detetor. Even though the resolution for the reonstrution of downgoing events is
generally worse than for upgoing events (due to the orientation of the photomultipliers, see
also Setion 9.5), this example shows that a good reonstrution is also possible for this
event type (total angular error in this ase: 1.65◦).
Snapshots of the three events in the ANTARES event display [Hei05℄ are shown in Fig-
ure 8.15. For better visibility, only hits passing the lter onditions (see Setion 6.4) are
displayed.
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Figure 8.12: Values of the likelihood funtion for the variation of the photo-eletron number (left), the
zenith angle θ (middle) and the azimuth angle φ (right), for a well-reonstrutible event. The plots show
the log likelihood alulated for the variation of one of the three t parameters, keeping the other two
parameters onstant at their true values (red rosses) or their nal values from the t (blak triangles).
The true MC value (green irle) and the reonstruted value (blue square) are also shown.
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Figure 8.13: Values of the likelihood funtion for the variation of the photo-eletron number (left), the
zenith angle θ (middle) and the azimuth angle φ (right), for a well-reonstrutible event. See Figure 8.12
for details.
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Figure 8.14: Values of the likelihood funtion for the variation of the photo-eletron number (left), the
zenith angle θ (middle) and the azimuth angle φ (right), for a well-reonstrutible event indued by a
downgoing neutrino. See Figure 8.12 for details.
Impats of Shifts in the Shower Position
The suess of the diretion and energy depends on the auray of the reonstruted
position of the shower. If the position is wrong by several ten metres (e.g. inside the
instrumented volume instead of outside), the shape of the likelihood funtion an hange
signiantly, and a orret reonstrution of diretion and energy is not possible. Even
if the position is only wrong by a few metres, the reonstrution an end up with totally
dierent results. As examples, the well reonstruted event shown above in Figure 8.14 is
displayed again in Figure 8.16, for varied positions, as explained below. The event takes
plae inside the instrumented volume (i.e. it is ontained). Figure 8.17, on the other hand,
displays an event whose interation vertex is outside the instrumented volume, a so alled
non-ontained event. The latter yields a large angular error after reonstrution. For
both events, the likelihood funtion was alulated varying one of the three parameters,
as above, and keeping the others onstant at their MC values. The true value of the
respetive parameter is again marked by a green irle. The other two distributions show
the values of the likelihood, again varying one parameter and keeping the others at their
MC values, but with a position that is shifted 6m along the MC shower axis, one forward
in shower diretion, and one bakward, against the shower diretion. For the ontained
event, the shape of the likelihood varies slightly with these shifts, but the position of the
global minimum remains relatively stable. For the non-ontained event, however, there is
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Figure 8.15: Events from Figures 8.12, 8.13 and 8.14 as seen in the ANTARES event display. The detetor
strings are shown as numbered lines, with dots marking the dierent storeys. The inident neutrino is
shown in blak, the blue lines mark the partile traks of the shower (not to sale), and the squares show the
photo-eletron signals, integrated over 25 ns. The size of the squares is proportional to the hit amplitude,
and their olour oding is aording to the arrival time of the rst photon in the photomultiplier, from red
over yellow to green.
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a seond minimum in the likelihood for the variation of θ, whih beomes deeper than the
one ontaining the MC value, if the position is shifted in forward diretion. Though the
shower reonstrution algorithm desribes the event orretly, whih an be seen from the
fat that the MC values are loated in the global minimum of the parameter spae, the
ambiguities are large enough to reate a seond, deep loal minimum whih an beome
global for slight shifts in the position. It should also be noted that the dierene between
the two minima in θ is approximately twie the Cherenkov angle of 42◦.
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Figure 8.16: Values of the likelihood funtion using the true position and two positions shifted along the
shower axis, varying the photo-eletron number (left), the zenith angle θ (middle) and the azimuth angle
φ (right), for a well-reonstruted event.
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Figure 8.17: Values of the likelihood funtion using the true position and two positions shifted along the
shower axis, varying the photo-eletron number (left), the zenith angle θ (middle) and the azimuth angle
φ (right), for a non-ontained event.
Non-ontained Events
Beause of the diretional harateristis of showers, non-ontained events, i.e. events whose
interation vertex lies outside the instrumented volume, are very diult to reonstrut,
as the fat that only one side of the detetor measures inident photons indues a bias
in the signal. What adds to this is that for these events the position reonstrution as
desribed in Setion 7.1 is more likely to fail. In suh a ase it is almost impossible to get
good results from the reonstrution of diretion and energy, as the t then minimises the
likelihood using wrong assumptions. As an example for this, the shape of the likelihood
funtion for a badly reonstruted event is shown in Figure 8.18. For this event, the
interation vertex lies outside the instrumented volume at the point (-82, 120, -160) in the
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ANTARES oordinate system, where (0, 0, 0) lies right in the entre of the detetor, and the
detetor edge lies approximately at (±100,±100,±175). The position was reonstruted
at (-56, 72, -136), inside the instrumented volume, with a large positional error. For
the reonstruted position, the measured hit amplitudes in the individual OMs do not
math the true diretion of the shower. The azimuth angle φ is ipped to the opposite
diretion. As the z oordinate is reonstruted 24m too large, the shower seems to be
downgoing (i.e. θ > π/2); onsequently, the zenith angle θ is reonstruted too large.
Beause of the worse aeptane of the OMs for downgoing photons, also the shower
energy is overestimated, as an be seen from the left plot of Figure 8.18.
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Figure 8.18: Values of the likelihood funtion for the variation of the photo-eletron number (left), the
zenith angle θ (middle) and the azimuth angle φ (right), for a non-ontained, poorly reonstruted event.
Events Close to the Detetor Edge
Neutrinos whih produe showers at the edge of the detetor, suh that the largest part of
the signal is measured by a few strings at one side of the detetor, are not as problemati as
non-ontained events. However, also these events annot always be reonstruted well. The
reason for this is that the likelihood desription sometimes laks the neessary information
for a suessful reonstrution, beause only one side of the shower or even less is visible
for the detetor. However, the fat that the shower is happening lose to the detetor edge
does not neessarily mean that this event will be badly reonstruted. In fat, quite a
number of suh events are still reonstruted well, so that it is diult to deide from the
reonstruted position or other riteria if the result of a reonstrution is unreliable and
the event should be disarded.
An example for the variation of the likelihood funtion of a well reonstruted edge event
are shown in Figure 8.19. The event display for this event is shown in Figure 8.20. As
before, again the values of the likelihood funtion is shown in Figure 8.19, varying one of the
parameters, and keeping the others either at their MC or at their reonstruted values. One
an see from the upmost plot of Figure 8.19 that the energy of this event is relatively large;
this is the reason for the large detetor signal, despite the fat that the neutrino is pointing
to the outside the instrumented volume. The shapes of the likelihood funtion using the
MC or the reonstruted values are very similar. The distributions are harateristial for
an edge event: They display only one minimum, as there is only one possible orientation of
the shower with respet to the measured hit pattern; and the minimum is relatively broad
for θ and φ, beause the information obtained from the measurement is not as preise as
would be the ase for an interation in the middle of the detetor.
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Figure 8.19: Values of the likelihood fun-
tion for the variation of the photo-eletron
number (top), the zenith angle θ (middle)
and the azimuth angle φ (bottom), for an
edge event.
n
Figure 8.20: Edge event from Figure 8.19 as seen in
the ANTARES event display. Only the hits passing
the lter onditions are shown.
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8.2.4 Numerial Stability Chek
Steps or jumps in the likelihood funtion an prevent the t from onverging, beause
the gradient annot be alulated at these likelihood values and therefore the t does not
know in whih diretion to ontinue. The steps an be aused e.g. if t parameters have
a limited validity range. The likelihood funtion therefore has to be arefully heked for
instabilities. Additionally, the numerial preision of the alulation is an intrinsi feature
whih an ause problems if the preision of the t parameters beomes equal or higher,
whih would let the t run into numerial noise, ausing unontrolled, random steps and
preventing any further onvergene. It is therefore important to ensure that all values in
the funtion are alulated with double preision. This is usually not guaranteed just by
setting all the user's variables to double preision, as the single preision ould also be used
in an external funtion over whih the user does not have ontrol.
A safe way to ensure that neither steps aused by limits of the likelihood parameter spae
nor jumps aused by numerial noise lead to problems in the t is to examine the likelihood
parameter spae by keeping all but one of the t parameters onstant at the minimum of
the likelihood funtion and varying the remaining parameter in very small intervals around
the minimum.
Examples for this are shown in gures 8.21 and 8.22 for the variation of two variables of
the same event. In these gures, the size of the interval inside whih the likelihood was
alulated is dereased by a deade for eah subsequent plot. In Figure 8.21, the likelihood
was alulated at the xed t values for φ and the photo-eletron number, and θ was varied
around the t value in the steps given in the header of the respetive graph. Plotted in
the graphs is the dierene between the varied value of θ and the value reahed as the
nal result of the t. Down to a preision of 10−6, whih was the hosen preision of the
minimisation for this example, the t value, marked by the blue square, always lies at the
lowest point of the graph, as expeted. Numerial noise only starts at a preision of 10−11,
and besides this noise there are no other steps visible in the graphs. The same is true for
Figure 8.22, where φ was varied instead of θ.
The alulations shown in this subsetion have been done for a several dozen events with
dierent harateristis, i.e. dierent shower diretions and energies. It was onluded that
stability problems do not inuene the t.
Conlusion
In this hapter, a method has been desribed whih allows the ombined reonstrution of
the diretion and energy of a shower, using the shower position as alulated in Setion 7.1
together with diretional and energy estimates from a san of the likelihood parameter
spae as starting values. Studies of the likelihood parameter spae show that the introdued
pattern mathing algorithm desribes the shower very well (see also Chapter 10, where
results both for NC events and for νe CC events are presented). Not all events an be
reonstruted equally suessfully; unfortunate event topologies will sometimes prevent a
good result. Quality uts to distinguish poorly reonstruted events from well reonstruted
ones will be disussed in the following hapter.
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Figure 8.21: Values of the likelihood funtion for variations of θ around the t value.
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Figure 8.22: Values of the likelihood funtion for variations of φ around the t value.
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Chapter 9
Quality Cuts for the Event Seletion
Clearly, not all shower-type events are reonstrutible with the same preision, and some
events are not usable for physis analysis. If there is a problem with the onvergene of
the minimisation, the t program itself will notie this, and the reonstrution will be
aborted. However, sometimes events annot be reonstruted well beause their shape
does not agree with the assumed model. This is the ase e.g. if an event has touhed only
the edge of the detetor, produing enough hits to pass the lter onditions but not enough
information in the hits to allow for a good reonstrution, or if the position of the shower
has been misalulated and therefore the likelihood funtion does not have a minimum
lose to the true values of the parameters (f. Setion 8.2.3).
Quality uts are used to separate the poorly reonstruted events from the well reon-
struted ones, and to separate o events whih are no shower events at all. The latter
refers espeially to atmospheri muon events whih might be misinterpreted as shower
events if they onsist of several muons in a bundle, or if the muon undergoes a atastrophi
bremsstrahlung loss and thereby produes an eletromagneti asade (see Setion 6.1).
In Setion 9.1, the suppression of this atmospheri muon bakground is disussed. Se-
tions 9.2 to 9.6 disuss quality uts that are intended to allow for the separation of well
reonstruted events from poorly reonstruted ones. Note that only the uts introdued
in Setions 9.1.1, 9.3 and 9.4 are used as nal quality uts on the events, as they showed
the best eienies and purities. Eienies and purities of all the uts introdued here
are summarised in Setion 9.7
Within this hapter, a separation of events aording to the angular misreonstrution of
the shower diretion with respet to the MC shower axis will be made. Events with a
deviation ∆α < 10◦ will be onsidered as good events, those with 10◦ ≤ ∆α < 30◦ as mod-
erate events and those with ∆α ≥ 30◦ as bad events. As the quality of the reonstrution
also depends on the shower energy, the events will be grouped in three dierent energy
bins: Esh < 10TeV, 10TeV ≤ Esh < 1PeV and Esh ≥ 1PeV, where Esh is the MC shower
energy. The shower energy and the neutrino diretion are strongly orrelated; therefore,
a badly reonstruted diretion will in many ases go along with a badly reonstruted
energy.
The eets of the uts will be shown for two dierent data samples, namely, a sample of
140000 NC events (event sample B, see Appendix A.5.1), and a sample of νe CC events
of about the same size (see Appendix A.5.2). About 18000 events (13.0%) of the NC
sample, and 31000 events (22.5%) of the νe CC sample remain in the sample after the
optial bakground lter and the reonstrution. The number of events passing lter and
reonstrution highly depends on the neutrino energy (see Figure A.2) and the generation
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volume, whih exeeded the instrumented volume by one absorption length (∼ 55m). The
reason for the higher eieny for the νe CC events is that for these events the entire
energy of the primary neutrino is transfered into the eletromagneti and hadroni shower,
while for NC events the average fration of the primary energy whih is transfered to the
hadroni shower is only between ∼ 32% and ∼ 46%, depending on the neutrino energy
(see Figure 3.3 in Setion 3.1.1).
The numbers of events for the dierent energy bins and reonstrution qualities, before all
uts, are shown in Table 9.1. See Figure A.2 and Tables A.1 and A.2 (Appendix A.5) for
more details.
NC events good moderate bad total
Esh < 10TeV 3318 2527 3568 9413
10TeV ≤ Esh < 1PeV 4082 2113 1943 8138
Esh ≥ 1PeV 382 152 144 678
total 7782 4792 5655 18229
νe CC events good moderate bad total
Esh < 10TeV 6201 4148 6317 16666
10TeV ≤ Esh < 1PeV 6135 3103 2759 11997
Esh ≥ 1PeV 1480 523 495 2498
total 13816 7774 9571 31161
Table 9.1: Number of well, moderately and badly reonstruted events in three energy bins, before all uts
(see text for denitions).
9.1 Suppression of Atmospheri Muons
For the investigation of atmospheri muons, a CORSIKA [He98℄ simulation with protons
as primary osmi rays was used. Protons are the dominating ontributors to the osmi
radiation, at least up to the knee at about 4PeV [Hoe05℄. Muons produed by the inter-
ation of the protons in the atmosphere an produe a signal in the ANTARES detetor.
The event sample used for this study was taken from the ANTARES MC data repository
(see Appendix A.5.3 for more details on the data sample).
Those events of the muon sample that arrived at the instrumented volume and produed
hits in the detetor were proessed through the shower reonstrution. For a large number
of these atmospheri muon events, the t does not onverge; those events are thus not
reonstruted.
9.1.1 Expeted and Measured Amplitudes: Quality Cut
For the rejetion of the atmospheri muons remaining after the reonstrution, it is useful
to onsider the orrelation between the amplitudes expeted in eah OM aording to the
result of the diretion and energy reonstrution, and the measured amplitudes. Even
though those atmospheri muons whih survive the reonstrution have an event signature
similar to that of shower events, there are signiant dierenes in the hit pattern, as
muons produe hits with small amplitudes along the muon trajetory, whereas showers
produe relatively loalised, large hits.
As a measure for the dierene between the amplitude ni,c expeted for the reonstruted
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diretion and energy, and the measured amplitude ni,meas in eah OM, a variable ξ is
dened:
ξ =
1
N
N∑
i=1
(ni,c − ni,meas)2
ni,c2
. (9.1)
Here, N is the number of OMs for whih ni,c or ni,meas are above the minimum threshold
of 0.3 pe. The variable ξ is expeted to be distributed very dierently for muon events
than for shower events, beause of the large number of small amplitude hits that a muon
produes in OMs where no signal is expeted by the shower reonstrution strategy.
Figure 9.1 shows the distribution of ξ for shower events on the left hand side, and for
muons on the right hand side. The distributions for shower events have their maximum
at log10 ξ ≈ 0, i.e. ξ ≈ 1, for all reonstrution qualities. However, the distribution of the
poorly reonstruted events (green histogram in Figure 9.1) extends to larger values of ξ,
beause the agreement between the alulated and the measured amplitudes is worse for
these events, ompared to the moderately and well reonstruted ones. The plot shown
here was generated using NC events; for νe CC events, the distribution is very similar, as
an also be seen from the event numbers after a ut on log10 ξ < 0.2 (see Table 9.2). The
ut applied at log10 ξ < 0.2 keeps 66% of the well and moderately reonstruted shower-
type events in the data sample, while 80% of the poorly reonstruted shower events are
suppressed.
The atmospheri muon events, on the right hand side of Figure 9.1, are distributed towards
muh larger values of ξ, with a peak around log10 ξ ≈ 4. Most of the muon events are
rejeted by the ut at log10 ξ < 0.2.
Figure 9.2 displays the distribution of ξ versus the reonstruted shower energy. Due to
the inreasing number of large hits for higher energies, the ξ distribution of the shower
events dereases with inreasing energy. For the atmospheri muons, the opposite is the
ase: For the highest energies, almost no events remain in the sample.
Table 9.3 lists the numbers of muon events remaining in dierent angular and energy bins
after the reonstrution and the ut. A omparison between the remaining atmospheri
muon event rate and that of the neutrino signal is given in Setion 10.4.
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Figure 9.1: Variable ξ as dened in equation (9.1), for the NC event sample B (left), and for the atmospheri
muons (right). The position of the ut is also indiated.
The harateristis of the atmospheri muon events remaining in the sample after the
shower reonstrution and the ut on ξ will be disussed in the following.
In Figure 6.3 it has been shown that the ux of single muons at the ANTARES site is
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Figure 9.2: ξ over the reonstruted shower energy, for the NC event sample B (left), and for the atmo-
spheri muons (right). The position of the ut is also indiated.
NC events good moderate bad total
Esh < 10TeV 2135 (64.3%) 1071 (42.4%) 540 (15.1%) 3746 (39.8%)
10TeV ≤ Esh < 1PeV 3356 (82.2%) 1424 (67.4%) 657 (33.8%) 5437 (66.8%)
Esh ≥ 1PeV 347 (90.8%) 120 (78.9%) 61 (42.4%) 528 (77.9%)
total 5838 (75.0%) 2615 (54.6%) 1258 (22.2%) 9711 (53.3%)
νe CC events good moderate bad total
Esh < 10TeV 3758 (60.6%) 1576 (38.0%) 772 (12.2%) 6106 (36.6%)
10TeV ≤ Esh < 1PeV 4914 (80.1%) 2053 (66.2%) 863 (31.3%) 7830 (65.3%)
Esh ≥ 1PeV 1385 (93.6%) 434 (83.0%) 224 (45.3%) 2043 (81.8%)
total 10057 (72.8%) 4063 (52.3%) 1859 (19.4%) 15979 (51.3%)
Table 9.2: Number of good, moderate and bad shower events in the three energy bins, after the ut on
log
10
ξ < 0.2; the perentages were alulated with respet to the number of events after the reonstrution,
as displayed in Table 9.1.
about a fator 80 higher than the ux of muon bundles with more than 4 muons. This
an be ompared to Figure 9.3, where the muon multipliities (i.e. number of muons in
an event) for the primary proton events that were examined in this study are shown, in
green for those events produing hits in the detetor, in red for those remaining after the
reonstrution and in blak for those events remaining after the reonstrution and the ξ
ut. The entries of the histograms have been weighted with to the respetive event weights,
so as to reprodue the expeted energy spetrum of the primaries. The histograms have
both been normalised to 1. As expeted, the relative muon multipliity has inreased after
the reonstrution. However, after the ut on ξ, those events with a very large muon mul-
tipliity & 40 are not present in the sample anymore; the perentage of single muon events
is larger than after the reonstrution, whih points to the fat that those event passing
the ut are due to muons undergoing a atastrophi energy loss.
Figure 9.4 shows the fration of the total hit amplitude whih originates from eletromag-
neti ontributions, again before the reonstrution (green), after the reonstrution (red)
and after the reonstrution and the ut on ξ (blak). The entries of the histograms have
been weighted as desribed above, and the histograms have both been normalised to 1.
The eletromagneti ontribution an be onsidered as a measure for the energy that has
been deposited into eletromagneti showers, i.e. bremsstrahlung losses. Before the reon-
strution, the eletromagneti ontribution shows a very large peak at zero and another
peak at 1; in-between, the distribution is relatively at, dereasing towards larger eletro-
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angle 0◦ − 60◦
primary energy [TeV/nuleon℄ 1-10 10-100 100-10
5
generated events 108 107 107
events produing hits 917045 419280 2383537
events after reonstrution 966 2002 76803
events after ξ ut 11 32 472
event rate after ut 7.51 h
−1
7.73 h
−1
2.187 h
−1
angle 60◦ − 85◦
primary energy [TeV/nuleon℄ 1-10 10-100 100-10
5
generated events 108 107 107
events produing hits 8147 30831 492487
events after reonstrution 66 525 27676
events after ξ ut 0 3 218
event rate after ut . 20h−1 ∗ 0.858 h−1 0.737 h−1
Table 9.3: Numbers of events in the dierent energy and angular bins of the atmospheri muon event
sample, after the reonstrution and the quality ut on ξ. The event rate after the ξ ut is also shown.
The upper limit given in the bin ontaining 0 events after the ut (marked with an asterisk) orresponds
to the 90% ondene level.
magneti ontributions. The very large ontributions at 0 and 1 are aused by events with
very few hits in the detetor, whih were either totally muoni or totally eletromagneti.
Suh events fail to pass the lter onditions whih preede the shower reonstrution.
After the reonstrution, the eletromagneti ontribution is shifted to values of 40% or
higher; the mean of the distribution is at 0.76. After the ut on ξ, the eletromagneti
fration is distributed to even larger values: All remaining events have an eletromagneti
ontribution of 55% or higher, and the mean is at 0.92.
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Figure 9.3: Muon multipliity before the reon-
strution (green), after the reonstrution (red) and
after the reonstrution and the ut (blak). The
histograms have been normalised to 1.
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Figure 9.4: Eletromagneti ontribution before
the reonstrution (green), after the reonstru-
tion (red) and after the reonstrution and the ut
(blak). The histograms have been normalised to
1.
9.1.2 Catastrophi Losses and Multi-Muons in the Remaining Events
To determine whether those events with large eletromagneti ontributions tend to be
aused by muon bundles with a large multipliity or not, the sample of events remaining
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after the ut is divided into two lasses: those with an eletromagneti ontribution larger
than 75%, and those with a smaller ontribution than this value. 653 of the events re-
maining in the sample had an eletromagneti ontribution larger than 75%; all but one
of the remaining 83 events have a muon multipliity of at least two and an therefore be
onsidered multi-muon events. Figure 9.5 shows the muon multipliity of the two lasses
of events. Again, the entries to both histograms have been weighted aording to the pri-
mary proton ux, and both urves have been normalised to 1. One an see that the muon
multipliity for the events with large eletromagneti ontributions is muh smaller than
for the other events, whih leads to the onlusion that the events of the rst ategory are
indeed haraterised by atastrophi losses of single muons.
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Figure 9.5: Muon multipliity for those events with an eletromagneti ontribution larger than 75% (blue)
and for those with a smaller ontribution (red). Both histograms have been normalised to 1.
Even though the atmospheri muon event rate has been suppressed signiantly by the ut
desribed above, it is still very high ompared to the expeted neutrino-indued shower
rates. The following setions disusses several uts for the dierentiation between well
reonstruted events and poorly reonstruted ones. It will be shown that with these uts,
also a suppression of the muon events, at least above a ertain energy threshold, is possible.
9.2 Comparison of Azimuth from Calulation and Fit
An algebrai method to alulate a rough estimate of the neutrino diretion was intro-
dued in Setion 7.2.1. Using the method presented there, the azimuth angle φ an be
reonstruted with a RMS of 79◦. Even though this is a poor resolution, the results of this
alulation and of the t are orrelated, as an be seen from Figure 9.6: Here, the azimuth
angle resulting from the t, φreco, is plotted versus the azimuth angle from the alulation,
φcalc, for well reonstruted events (upper plot), moderately reonstruted ones (middle
plot) and poorly reonstruted ones (lower plot), for event sample B. The blak lines mark
the regions of |φcalc − φreco| < 50◦ and |φcalc − φreco| > 320◦. The results for the well re-
onstruted events are orrelated. The orrelation between φcalc and φreco weakens for
the moderate events, and the majority of the poorly reonstruted events lie outside the
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regions marked by the blak lines. Events will therefore be disarded if they do not full
the onditions |φcalc − φreco| < 50◦ or |φcalc − φreco| > 320◦.
In priniple, this ut ould also be applied for the zenith angle θ. However, as an be
seen from Figure 7.7 in Setion 7.2.1, the algebrai method tends to shift the zenith angle
towards smaller angles, i.e. to an upward orientation; therefore, the orrelation between
θcalc and θreco is not as lear as for φ.
The results for the φ ut are listed in Table 9.4, in absolute numbers and in perentages
with respet to the number of events after the reonstrution. The ut has a relatively high
purity, as an be seen from the small perentages of poorly reonstruted events remaining
in the sample. However, for the highest energy bin also the number of suppressed good
events is relatively high, whih is due to the fat that the alulation of the azimuth
yields its best results for energies below 10TeV, as was demonstrated in Setion 7.2.1 in
Figure 7.10. Due to this poor eieny, the ut is not used for the nal event seletion.
Around 60% of the atmospheri muon events remaining after the ut on ξ are suppressed
by this ut. The numbers of atmospheri muon events in the individual bins after the
dierent uts are listed at the end of the hapter in Table 9.10.
NC events good moderate bad total
Esh < 10TeV 2675 (80.6%) 1690 (66.9%) 950 (26.6%) 5315 (56.5%)
10TeV ≤ Esh < 1PeV 2275 (55.7%) 570 (27.0%) 326 (16.8%) 3171 (39.0%)
Esh ≥ 1PeV 110 (28.8%) 10 (6.58%) 32 (22.2%) 152 (22.4%)
total 5060 (65.0%) 2270 (47.4%) 1308 (23.1%) 8638 (47.4%)
νe CC events good moderate bad total
Esh < 10TeV 4921 (79.4%) 2690 (64.9%) 1795 (28.4%) 9406 (56.4%)
10TeV ≤ Esh < 1PeV 3120 (50.9%) 656 (21.1%) 471 (17.1%) 4247 (35.4%)
Esh ≥ 1PeV 349 (23.6%) 40 (7.65%) 68 (13.7%) 457 (18.3%)
total 8390 (60.7%) 3386 (43.6%) 2334 (24.4%) 14110 (45.3%)
Table 9.4: Number of good, moderate and bad events in the three energy bins, after the ut on |φp − φf |.
The perentages were alulated with respet to the number of events after the reonstrution, as displayed
in Table 9.1.
9.3 Comparison of Energy from Calulation and Fit
For the energy, an analogous method to that introdued above in Setion 9.2 an be ap-
plied. In Setion 7.3, an algorithm was desribed to reonstrut the shower energy to a
fator of about 2.3 (for WF mode). This method assumes that all photons are emitted
under a xed angle and uses the position and diretion of the shower, alulated aording
to the desriptions in Setions 7.1 and 7.2.1.
The parameterisation of the angular photon distribution D(ϑ) is not used for the alu-
lation. Therefore the alulated energy is not diretly orrelated to the result from the
likelihood minimisation (though the same values for the shower position are used), and
thus, a omparison between the reonstruted energy from the t, Ereco, and the energy
from the alulation, Ecalc, an be used to assess the onsisteny of the results. The orre-
lation between Ecalc and Ereco is shown in Figure 9.7, for the NC event sample B. Events
pass the ut if they lie within the region marked by the two bold lines, i.e. if the dierene
between log10Ecalc and log10Ereco is not larger than 0.6.
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Figure 9.6: Azimuth angle obtained from the t, φreco, vs. the azimuth angle alulated as desribed in
Setion 7.2.1, φcalc, for well (top), moderately (middle) and poorly (bottom) reonstruted events. The
region of event seletion is marked by the blak lines.
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The events remaining in the sample after this ut are listed in Table 9.5. The perentages
given refer to the number of events that remained in the sample after the reonstrution,
as given in Table 9.1. The eieny of this ut is high. It was therefore seleted as one of
the nal uts on the event samples.
For the muon suppression, this ut is almost as eetive as the ut on the azimuth angles
introdued in the previous setion. About 51% of the atmospheri muons remaining in
the sample after the ut on ξ are suppressed by this ut. Detailed numbers are given in
Table 9.10.
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Figure 9.7: Ecalc vs. Ereco for good, moderate and bad events, and the ut onditions (bold lines).
NC events good moderate bad total
Esh < 10TeV 3197 (96.4%) 2219 (87.8%) 2224 (62.3%) 7640 (81.2%)
10TeV ≤ Esh < 1PeV 3349 (82.0%) 1072 (50.7%) 817 (42.0%) 5238 (64.4%)
Esh ≥ 1PeV 277 (72.5%) 69 (45.4%) 91 (63.2%) 437 (64.5%)
total 6823 (87.8%) 3360 (70.1%) 3132 (55.4%) 13315 (73.0%)
νe CC events good moderate bad total
Esh < 10TeV 5982 (96.5%) 3599 (86.8%) 4078 (64.6%) 13659 (82.0%)
10TeV ≤ Esh < 1PeV 4896 (79.8%) 1425 (45.9%) 1155 (41.9%) 7476 (62.3%)
Esh ≥ 1PeV 1113 (75.2%) 244 (46.7%) 288 (58.2%) 1645 (65.9%)
total 11991 (86.8%) 5268 (67.8%) 5521 (57.7%) 22780 (73.1%)
Table 9.5: Number of good, moderate and bad events in the three energy bins, after the ut on
| log
10
(Ecalc/Ereco)|. The perentages were alulated with respet to the number of events after the
reonstrution, as displayed in Table 9.1.
9.4 Large Energies
Due to the larger total number of hits and the larger hit amplitudes, the pattern mathing
algorithm improves for energies in the TeV region or higher. Also, the suppression of the
optial bakground shows the best eieny at high energies; and nally, the atmospheri
muon bakground dereases signiantly if only high-energy events are onsidered. There-
fore, a ut is proposed at a minimum reonstruted shower energy of 5TeV.
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The results of this ut are shown in Table 9.6. As expeted, nearly all events with a true
shower energy above 10TeV pass the ut. Most of the events remaining in the lowest en-
ergy bin have true shower energies above 5TeV, though there are a few misreonstruted
events with lower true energies whih pass the ut (see Figures 9.9 and 9.10 at the end of
the hapter).
NC events good moderate bad total
Esh < 10TeV 964 (29.1%) 603 (23.9%) 1155 (32.4%) 2722 (28.9%)
10TeV ≤ Esh < 1PeV 4071 (99.7%) 2046 (96.8%) 1655 (85.2%) 7772 (95.5%)
Esh ≥ 1PeV 382 (100%) 150 (98.7%) 140 (97.2%) 672 (99.1%)
total 5417 (69.6%) 2799 (58.4%) 2950 (52.2%) 11166 (61.3%)
νe CC events good moderate bad total
Esh < 10TeV 2009 (32.4%) 991 (23.9%) 1827 (28.9%) 4827 (29.0%)
10TeV ≤ Esh < 1PeV 6113 (99.6%) 3037 (97.9%) 2360 (85.5%) 11510 (95.9%)
Esh ≥ 1PeV 1479 (99.9%) 519 (99.2%) 490 (99.0%) 2488 (99.6%)
total 9601 (69.5%) 4547 (58.5%) 4677 (48.9%) 18825 (60.4%)
Table 9.6: Number of good, moderate and bad events in the three energy bins, after the ut on Ereco >
5TeV. The perentages were alulated with respet to the number of events after the reonstrution, as
displayed in Table 9.1.
9.5 Upgoing Events
For energy regions where the atmospheri muon bakground annot be suppressed su-
iently by the ut on ξ desribed above, it is neessary to onsider only events whih have
been reonstruted as upgoing. As the photomultipliers in the ANTARES experiment look
downwards, the resolution for events from above is generally worse than for those from
below. However, beause of the photomultiplier orientation, the event verties tend to be
reonstruted too high, i.e. with a too large z oordinate (see Figure 7.2 in Setion 7.1). In
suh ases, a downgoing diretion is favoured in the pattern mathing. Events with a large
positional error are therefore often reonstruted as downgoing. 12% of the upgoing, but
only 5% of the downgoing events were reonstruted with a wrong orientation, i.e. down-
going instead of upgoing or vie-versa.
The results of seleting only events whih have been reonstruted as upgoing from the
shower event samples are listed in Table 9.7. As the primary neutrinos were generated
isotropially in 4π, one an see that up to 1PeV the upgoing events are reonstruted more
eiently than the downgoing ones: The perentage of remaining good or moderate events
is larger than that of the remaining bad events.
Considering the atmospheri muon sample, it turns out that 18% of the events remaining
in the sample after the muon reonstrution are reonstruted as upgoing by the shower
reonstrution strategy (see Table 9.10). Therefore, even if only upgoing events are stud-
ied, the bakground ontamination is still onsiderably high, at least below ∼ 5TeV, as
will be shown in Chapter 10. Furthermore, the advantage of neutrino-indued showers to
be able to study downgoing events, would be lost by suh a ut.
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NC events good moderate bad total
Esh < 10TeV 2182 (65.8%) 1463 (57.9%) 1696 (47.5%) 5341 (56.7%)
10TeV ≤ Esh < 1PeV 2351 (57.6%) 927 (43.9%) 768 (39.5%) 4046 (49.7%)
Esh ≥ 1PeV 187 (49.0%) 69 (45.4%) 68 (47.2%) 324 (47.8%)
total 4720 (60.7%) 2459 (51.3%) 2532 (44.8%) 9711 (53.3%)
νe CC events good moderate bad total
Esh < 10TeV 4143 (66.8%) 2410 (58.1%) 3054 (48.3%) 9607 (57.6%)
10TeV ≤ Esh < 1PeV 3515 (57.3%) 1348 (43.4%) 1128 (40.9%) 5991 (49.9%)
Esh ≥ 1PeV 700 (47.3%) 255 (48.8%) 240 (48.5%) 1195 (47.8%)
total 8358 (60.5%) 4013 (51.6%) 4422 (46.2%) 16793 (53.9%)
Table 9.7: Number of good, moderate and bad events in the three energy bins, after heking if the neutrino
was reonstruted as upgoing. The perentages were alulated with respet to the number of events after
the reonstrution, as displayed in Table 9.1.
9.6 Cuts Based on Geometrial Considerations
In this setion, the results on studies of the suppression of poorly reonstruted events by
seleting events by their position and diretion with respet to the instrumented volume are
presented. Even though events with an interation vertex outside the detetor, or events
pointing to the outside of the detetor, are generally more diult to reonstrut, there are
atually a lot of events whih show very satisfying results. It turns out that, attempting to
suppress events whih are geometrially unfavourable for the reonstrution, also a large
fration of well reonstruted events are rejeted. A reason for this is that, due to the usage
of the lter onditions on all events (see Chapter 6.4), those events whih really produe
only a small signal, beause of their disadvantageous position and diretion with respet
to the detetor, are not onsidered for the reonstrution in the rst plae.
In the following two subsetions, seletion riteria for geometrially unfavourable events
are introdued. Due to the unsatisfying eieny of these uts, none of them were used in
the nal event seletion.
9.6.1 Events Leaving the Instrumented Volume
As has been disussed in Setion 8.2.3, the onditions for a suessful reonstrution are
fullled if the shower is ontained inside the instrumented volume of the detetor or points
right into it. A means to hek for these geometrial riteria in an event is to verify
whether a point at a distane d from the reonstruted position X, along the reonstruted
diretion ~v, lies a an of seletable size around the instrumented volume. The priniple of
this seletion riterion is demonstrated in Figure 9.8: The an inside whih the point must
lie is marked in blak, the instrumented volume in light blue: Event 1 in green fulls the
riterion, while event 2 in red does not.
The results of this ut, for a hosen distane d = 20m and a an whih extends 10m
beyond the instrumented volume, are shown in Table 9.8. For the hosen sizes of d and the
an, the eieny of this ut is still above 50% for the good events, but on the other hand,
also half of the poorly reonstruted events remains in the sample. This number ould be
dereased by dereasing the seleted an size, but that would onsequently also lead to a
stronger suppression of the well reonstruted events and is therefore not favourable.
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Figure 9.8: Geometrial priniple of the ut on events leaving the detetor. The green event labelled 1 is
aepted, while the red one labelled 2 is rejeted.
NC events good moderate bad total
Esh < 10TeV 2785 (83.9%) 2098 (83.0%) 2276 (63.8%) 7159 (76.1%)
10TeV ≤ Esh < 1PeV 2391 (58.6%) 808 (38.2%) 751 (38.7%) 3950 (48.5%)
Esh ≥ 1PeV 205 (53.7%) 34 (22.4%) 64 (44.4%) 303 (44.7%)
total 5381 (69.1%) 2940 (61.4%) 3091 (54.7%) 11412 (62.6%)
νe CC events good moderate bad total
Esh < 10TeV 5162 (83.3%) 3437 (82.9%) 4164 (65.9%) 12763 (76.6%)
10TeV ≤ Esh < 1PeV 3488 (56.9%) 1076 (34.7%) 974 (35.3%) 5538 (46.2%)
Esh ≥ 1PeV 714 (48.2%) 138 (26.4%) 195 (39.4%) 1047 (41.9%)
total 9364 (67.8%) 4651 (59.8%) 5333 (55.7%) 19348 (62.1%)
Table 9.8: Number of good, moderate and bad events in the three energy bins, after the ut on the pointing
diretion of the reonstruted shower. The perentages were alulated with respet to the number of events
after the reonstrution, as displayed in Table 9.1.
9.6.2 Events Inside the Instrumented Volume
A method that is very similar to the one desribed in the previous subsetion is to hek
if the reonstruted position of an event lies within the instrumented volume, i.e. if the
event is ontained. An event passes this ut if its radial distane from the entre of the
detetor is smaller than 100m, and if its vertial distane to the horizontal plane through
the detetor entre is less than 175m.
As this method does not hek for the diretion of the shower, it is less eient than the
one introdued above; also the purity is lower (see plots at the end of the hapter).
The results of the ut on ontained events an be seen from Table 9.9.
9.7 Eienies and Purities of the Cuts
The quality of a ut depends on two fators: How many of the good events remain in the
sample after the ut, and how many of the bad events are removed. The eieny E of a
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NC events good moderate bad total
Esh < 10TeV 2369 (71.4%) 1831 (72.5%) 2173 (60.9%) 6373 (67.7%)
10TeV ≤ Esh < 1PeV 1978 (48.5%) 741 (35.1%) 686 (35.3%) 3405 (41.8%)
Esh ≥ 1PeV 174 (45.5%) 28 (18.4%) 59 (41.0%) 261 (38.5%)
total 4521 (58.1%) 2600 (54.3%) 2918 (51.6%) 10039 (55.1%)
νe CC events good moderate bad total
Esh < 10TeV 4346 (70.1%) 2959 (71.3%) 3936 (62.3%) 11241 (67.4%)
10TeV ≤ Esh < 1PeV 2845 (46.4%) 999 (32.2%) 903 (32.7%) 4747 (39.6%)
Esh ≥ 1PeV 603 (40.7%) 114 (21.8%) 177 (35.8%) 894 (35.8%)
total 7794 (56.4%) 4072 (52.4%) 5016 (52.4%) 16882 (54.2%)
Table 9.9: Number of good, moderate and bad events in the three energy bins, after the ut on ontainment.
The perentages were alulated with respet to the number of events after the reonstrution, as displayed
in Table 9.1.
ut is dened as the ratio between the number of good events after the ut, ngoodc , and the
number of good events before the ut, ngood:
E =n
good
c
ngood
.
The purity P, on the other hand, is dened as the number of good events after the ut,
ngoodc , divided by the total number of events after the ut, nc:
P =n
good
c
nc
.
For the plots shown in the following, a good event is dened as desribed at the beginning
of this hapter: an event reonstruted with a total angular error smaller than 10◦. For this
disussion, only good, and not also the moderate events, ontribute to a high eieny and
purity, as those events with a small angular error below 10◦ are of the primary importane
for the analysis.
For the sample of NC events that was used in this hapter, event sample B, the eienies
and purities for the dierent uts are given in Figure 9.9, together with the statistial errors
(see appendix C.1 for details on the error alulation). The eienies and purities of the
uts applied to the νe CC sample are shown in Figure 9.10. For the analysis of measured
shower events, whih will onsist of both types of shower events without a possibility to
distinguish between them, the hosen uts should be eetive on both data samples. All
uts have a very similar eet both to NC and νe CC events, as an be seen from the
gures.
Apart from the ut on ξ (see Setion 9.1.1), whih suppresses the atmospheri muon bak-
ground very eiently, it was deided to use the ut on the energy omparison (see Se-
tion 9.3), beause it shows a very high eieny throughout the whole energy range,
ombined with a satisfying purity whih exeeds 50% above ∼ 5 TeV. As the energy region
above 5TeV is the region of main interest, it is also advisable to restrain on events with a
reonstruted energy above 5TeV, as proposed in Setion 9.4. The ombined eieny and
purity of these three uts are displayed in Figure 9.11 for NC events, and in Figure 9.12
for νe CC events. The low energy region has been omitted for these plots.
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Figure 9.9: Eieny (top) and purity (bottom) of the uts desribed in the text, for the NC sample.
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Figure 9.10: Eieny (top) and purity (bottom) of the uts desribed in the text, for the νe CC sample.
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Figure 9.11: Combined eieny (left) and purity (right) of the seleted uts (see text), for the NC sample.
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Figure 9.12: Combined eieny (left) and purity (right) of the seleted uts (see text), for the νe CC
sample.
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Table 9.10 lists the numbers of events remaining in the dierent bins of the atmospheri
muon sample after the uts desribed above. The event rates after some of the uts will be
presented in the next hapter, together with the respetive neutrino rates, in Figure 10.13
in Setion 10.4.
angle 0◦ − 60◦
primary energy [TeV/nuleon℄ 1-10 10-100 100-10
5
|∆φ < 50◦| 3 (27.3%) 11 (34.4%) 178 (37.7%)
| log10(Ecalc/Ereco)| < 0.6 5 (45.5%) 14 (43.8%) 223 (47.2%)
Ereco > 5TeV 0 (0%) 6 (18.75%) 127 (26.9%)
upgoing 2 (18.2%) 4 (12.5%) 73 (15.5%)
not leaving 11 (100%) 28 (87.5%) 357 (75.6%)
instrumented volume 10 (90.9%) 27 (84.3%) 330 (69.9%)
angle 60◦ − 85◦
primary energy [TeV/nuleon℄ 1-10
∗
10-100 100-10
5
|∆φ < 50◦| 0 ∗ 1 (33.3%) 95 (43.6%)
| log10(Ecalc/Ereco)| < 0.6 0 ∗ 1 (33.3%) 132 (60.6%)
Ereco > 5TeV 0
∗
0 (0%) 33 (15.1%)
upgoing 0
∗
2 (66.7%) 42 (19.3%)
not leaving 0
∗
2 (66.7%) 178 (81.7%)
instrumented volume 0
∗
2 (66.7%) 164 (75.2%)
Table 9.10: Numbers of events in the dierent energy and angular bins of the atmospheri muon event
sample, after the uts desribed in Setions 9.2 to 9.6.2. The perentages were alulated with respet
to the number of events after the ut on ξ, as displayed in Table 9.3. The lowest energy horizontal bin,
marked with an asterisk, ontained zero events after the ut on ξ.
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Chapter 10
Results of the Reonstrution
In this hapter, the results for the reonstrution of dierent shower-type event samples
are presented. The results are based on the assumption that the saturation in the pho-
tomultiplier eletronis is reahed at 200 pe, i.e. that data are taken in WF mode, exept
for the results presented in Setion 10.1.1, whih were obtained under the assumption of
data taking in SPE mode. In the rst setion, Setion 10.1, results for the reonstrution
of NC events are presented; results for the reonstrution of νe CC events follow in Se-
tion 10.2. The results are shown after the ut on a reonstruted shower energy > 5TeV
(see Setion 9.4), and after the additional uts on the variable ξ omparing expeted and
measured hit amplitudes (see Setion 9.1.1) and on the omparison between reonstruted
and alulated energy (see Setion 9.3).
Setions 10.3 and 10.4 show the eetive areas obtained with the reonstrution algorithm
presented in this thesis, together with alulations of the sensitivity of the ANTARES
experiment to the diuse osmi neutrino uxes, using neutrino-indued showers.
10.1 Reonstrution of NC Events
The results shown in this setion were obtained reonstruting event sample B whih
ontains 140000 NC events (see Appendix A.5.1 for details). Some 18000 events remain in
the sample after the reonstrution. In Figures 10.1 and 10.2, results after the appliane
of the ut seleting events with a reonstruted shower energy above 5TeV are shown.
Figure 10.1 shows the total angular error ∆α between the neutrino diretion and the
reonstruted diretion, in degrees, on the left hand side for all energies, and on the right
hand side the median of ∆α for dierent bins in the MC shower energy.
In Figure 10.2 the distribution of the logarithmi error on the reonstruted shower energy
is shown on the left hand side, and the distribution of the logarithmi error on the neutrino
energy is shown on the right. As the fration of the primary neutrino energy whih is
transferred into the hadroni shower is not known, only a lower limit an be given for the
reonstruted neutrino energy (see omments in Setion 8.2.2). The RMS of the logarithmi
error on the shower energy orresponds to a fator 100.4 ≈ 2.5 between the reonstruted
and the true shower energy, though the peak is narrower, with a width of ∼ 0.17, obtained
from the Gaussian t marked by the red line in Figure 10.2. This width orresponds to a
fator of 1.5. The RMS of the logarithmi error on the shower energy, alulated within
dierent MC energy regions, is displayed in Figure 10.3.
In addition to the ut on the reonstruted shower energy, two more uts were hosen a-
ording to their eienies and the purities, one utting on a variable ξ (see Setion 9.1.1)
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Figure 10.1: Total angular error ∆α between neutrino and reonstruted diretion, after the ut on Ereco >
5TeV: Distribution for all energies (left), and median of total angular error for dierent MC shower
energy bins (right). The error bars mark the statistial standard errors whose alulation is desribed in
Appendix C.2.
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Figure 10.2: Distribution of the logarithmi dierene between reonstruted energy and MC shower energy
(left), and between reonstruted energy and neutrino energy (right), after the ut on Ereco > 5TeV. A
Gaussian distribution shown in red has been tted to the peak of the shower energy error.
and one on a omparison between reonstruted and alulated shower energy (see Se-
tion 9.3). 43% of the events passing the reonstrution and having a reonstruted shower
energy > 5TeV survive these additional uts. The results for the error on diretion and
energy after these uts are shown in gures 10.4 and 10.5. Both the angular and the en-
ergy resolution have improved signiantly, from a median of 10.7◦ to 3.5◦ in the diretion,
with values of about 2◦ around 100TeV (see right plot of Figure 10.4), and an improvement
from 0.40 to 0.20 in the RMS of the logarithmi shower energy resolution. The peak of
this distribution has a width of 0.14, whih means a resolution orrespoding to a fator of
1.4.
10.1.1 Results for SPE Mode
The default value for the saturation of the photomultiplier eletronis in the ShowerFitter
is the value of the WF mode, 200 pe. However, as disussed in Setion 4.3.1, data taken
in the WF mode need forty times more bandwidth and storage apaity than in the SPE
mode, whih has a saturation at 20 pe. It is therefore not sure if the ANTARES detetor
will take a large number of runs in the WF mode. The eet of a lower saturation level has
therefore been examined using the smaller NC event sample A. Note that in omparison to
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Figure 10.3: RMS of the logarithmi error on the shower energy, for dierent bins in the MC shower energy,
after the ut on Ereco > 5TeV.
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Figure 10.4: Total angular error between neutrino and reonstruted diretion for all energies (left), and
median of total angular error for dierent MC shower energy bins (right), with statistial errors, after all
three uts.
event sample B, this sample ontains only events with interation verties inside the instru-
mented volume, and is therefore expeted to produe better results in the reonstrution
than event sample B.
Event sample A has been reonstruted twie, one in WF mode and one in SPE mode.
As the main priniple of the t is the mathing of measured and alulated amplitudes, it
is expeted that the results deteriorate when the saturation level is set to a smaller value,
sine this means an information loss.
Shown as results for the SPE mode are the total angular error ∆α in Figure 10.6, for all
energies (left), and the median of ∆α for the dierent energy bins (right). The total num-
ber of reonstruted events is smaller than the number of the reonstruted events in the
WF mode, 2767 ompared to 2908 events. This is mainly aused by failures of the t for
high-energy events in the SPE mode, if no satisfying result is found in the minimisation.
The results for the reonstrution of the same sample using the WF mode are shown as
the red lines on the left, and as red stars on the right of Figure 10.6. For shower energies
below ∼ 70TeV, the resolution for the SPE mode is even slightly better than for the WF
mode, beause the statistial utuations in the photon distributions whih our at these
smaller energies are damped by lower amplitude saturation. For higher energies, the res-
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Figure 10.5: Distribution of the logarithmi error between reonstruted energy and MC shower energy
(left), and between reonstruted energy and neutrino energy (right), after all three uts.
olution for the SPE mode deteriorates, but not muh. For the WF mode, a deterioration
of the resolution due to the saturation eets is observed as well, but starting at higher
energies.
For the reonstrution of the shower energy, the resolution is equivalent in WF and SPE
mode, see left plot of Figure 10.7; the distribution obtained in SPE mode is shifted to en-
ergies reonstruted too low, as expeted for a lower saturation (note that the alulation
of the shower energy from the number of photo-eletrons in an event was optimised for
the WF mode). The reonstruted neutrino energy shows deteriorations only slightly, see
right plot in the same gure.
From this omparison, it an be onluded that, even though the saturation level is signif-
iantly smaller for the SPE mode, the deterioration of the resolution is not large. A good
reonstrution of shower events is therefore possible also for data taken in the SPE mode.
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Figure 10.6: Total angular error between neutrino and reonstruted diretion, for all energies (left), and
median of total angular error for dierent MC shower energy bins (right), with statistial errors, before all
uts, for SPE and WF mode. On the left plot, the events from WF mode are drawn with a red line, as is
their statistis, while the events from SPE mode are represented by the yellow histogram.
10.2 Reonstrution of νe CC events
In priniple, the event topology of νe CC events is dierent to that of NC events, beause
of the higher eletromagneti ontribution (see Setion 5.2). However, the eletromagneti
omponent of a hadroni shower grows with inreasing shower energy and exeeds 90%
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Figure 10.7: Distribution of logarithmi error between reonstruted energy and MC shower energy (left),
and between reonstruted energy and neutrino energy (right), before all uts, for SPE and WF mode.
The events obtained in WF mode are drawn in red, those obtained in SPE mode are lled in yellow. The
oset for the SPE mode in the left plot is aused by the fat that the alulation of the shower energy
from the photon number is optimised for the WF mode.
already at 1TeV (f. Setion 5.3). Therefore, a large amount of photons and eletrons
is present in NC events, and additionally, νe CC events are always aompanied by a
hadroni shower. Thus it is well possible to reonstrut NC and νe CC events with the
same reonstrution strategy. In a sparsely instrumented detetor like ANTARES, it will
most probably not be possible to distinguish between the two event types, beause of their
similar topologies.
The ruial dierene between the two event types is in the energy reonstrution. While
in NC events a (mostly larger) part of the energy of the primary neutrino is arried away
unseen by the outgoing neutrino, in νe CC events all energy goes into showers and an
therefore be deteted. It is therefore expeted that for these events the resolution of the
neutrino energy reonstrution is muh better than for NC events.
In the following, results for a sample of 138500 νe CC events are shown. The energy and
angular distributions of the primary neutrinos are the same as in the NC sample. The νe
CC data sample is desribed in more detail in Appendix A.5.2.
The results obtained are very similar to those shown for the NC sample. The overall an-
gular resolution ∆α after the ut on Ereco > 5TeV, as shown in Figure 10.8, has a median
of 9.5◦, almost the same as for the NC sample shown in Figure 10.1, where the median is
10.7◦. It should be noted that due to the kinematis, the νe CC events are a fator of 2 
3 more energeti than the NC events, with respet to the shower energy, and therefore the
ontribution of lower energy events in the sample is smaller than for the NC events, whih
leads to a slight overall improvement of the results.
Figure 10.9 shows the resolution of the shower energy, whih in this ase is equivalent to
the neutrino energy, after the ut on Ereco > 5TeV, on the left hand side. The RMS
of the distribution is 0.41, with a width of 0.19 in the Gaussian tted peak. This width
orresponds to a fator of 1.5 in the energy resolution, whih is again very similar to that
of the NC events shown in Figure 10.2 (left).
The same additional two uts that were applied to the NC sample above (see Setion 9.1.1
and Setion 9.3) were also applied to this sample. 37% of the events whih have passed
the reonstrution and the ut on the reonstruted shower energy remain after these uts.
The right hand side of Figure 10.9 shows the energy resolution after the uts. The RMS
has improved from 0.41 to 0.21 with a width of the peak of around 0.16, whih orresponds
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to a fator of 1.4 in the energy reonstrution. The result for the total angular resolution
after the uts is shown in Figure 10.10. The overall median has improved to 3.0◦, and the
best resolution, reahed at about 100TeV, is below 2◦.
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Figure 10.8: Total angular error between neutrino and reonstruted diretion, for all energies (left), and
median of total angular error for dierent MC shower energy bins, with statistial errors (right), after the
ut on the reonstruted shower energy, for νe CC events.
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Figure 10.9: Logarithmi error between reonstruted and MC shower (=neutrino) energy for νe CC events,
after the ut on the reonstruted shower energy (left), and after the additional two uts (right).
It an therefore be onluded that the reonstrution algorithm presented in this thesis
is suitable both for NC and for νe CC events, whih is of extreme importane for its
appliability to real data, beause a distintion between the two event types may not be
possible. From these results the expeted resolution for a shower-type event after the
shown uts is about 3◦4◦, with an energy resolution orresponding to a fator of 1.4.
10.3 Eetive Volume and Eetive Neutrino Area
To give an estimate on the sensitivity of the ANTARES experiment to osmi neutrino
ux, the eetive volume and eetive neutrino area of the detetor are determined as
desribed in Setion 3.3.1.
Figure 10.11 shows the results for the NC sample. The gure shows eetive volume (left)
and eetive area (right) over the MC neutrino energy, after the reonstrution (blak line)
and after the three uts (red line, see Setions 9.1.1, 9.3 and 9.4). Before the uts, the
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Figure 10.10: Total angular error between neutrino and reonstruted diretion,for all energies (left), and
median of total angular error for dierent MC shower energy bins (right), with statistial errors, after the
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eetive area orresponds roughly to 1/10th of the eetive muon neutrino area reahed
for νµ CC events without uts [Bai01℄.
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Figure 10.11: Eetive volume (left) and eetive neutrino area (right) for the reonstrution of NC events
presented in Setion 10.1, after the reonstrution (blak) and the uts (red).
In Figure 10.12, the eetive volume (left) and eetive area (right) for the νe CC events
are shown. Results for these events were presented in Setion 10.2. The olour oding is
the same as for Figure 10.11. Above 100TeV, the eetive volume before the uts reahes
a plateau whih orresponds to the generation volume of the events, pointing at the fat
that pratially all events above this energy pass the reonstrution. The values of eetive
volume and eetive area after the uts are slightly larger than those reahed for the NC
events, as the showers indued in νe CC events are more energeti with respet to the
neutrino energy, and therefore more likely to pass the reonstrution.
10.4 Preditions on Rates and Diuse Flux Sensitivity
Expeted rates of shower-type events for the ANTARES detetor have been estimated from
the events remaining in the NC sample B and the νe CC sample after the reonstrution
and the uts. For the osmi neutrino event rate, a hypothetial ux orresponding to the
Waxman-Bahall limit [Bah99℄ was assumed:
E2νΦcosmic = 4.5× 10−8GeV s−1 sr−1 m−2. (10.1)
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Figure 10.12: Eetive volume (left) and eetive neutrino area (right) for the reonstrution of νe CC
events presented in Setion 10.2, after the reonstrution (blak) and the uts (red).
It was assumed that, due to osillations, the osmi neutrino ratio at Earth is the same
for all avours, νe : νµ : ντ = 1 : 1 : 1. As the event rates for the NC sample orrespond to
one of six possible hannels of the type
(νl, ν¯l) +N → (νl, ν¯l) + hadroni shower,
the rates for the sample were multiplied by six to retrieve the event rates for all-avour
NC interations, assuming idential ross setions for anti-neutrinos and neutrinos. This
simpliation leads to an overestimation of the rates of ∼ 18% at 50TeV, dereasing to
almost zero for 1PeV where the ross setions an be regarded as idential (see Setion 3.1).
Likewise, the rates retrieved for the osmi neutrinos from the νe CC sample were multiplied
by two to take into aount the ν¯e CC hannel as well. Here, the assumption of idential
ross setions for eletron neutrinos and anti-neutrinos leads to an overestimation of ∼ 10%
at 50TeV whih dereases to almost zero for energies above 300TeV. Note that the Glashow
resonane for the ν¯e CC hannel at 6.3PeV, whih auses an inrease of the ross setion
at the resonane energy, was not taken into aount here.
For the atmospheri neutrino bakground, it was assumed that no tau neutrinos our.
Shower events an then be indued by muon neutrinos in a NC interation, or by eletron
neutrinos in a NC or CC interation. To estimate the total rate for NC interations,
the muon neutrino rate was alulated from the event weights for atmospheri neutrinos
in event sample B (see Appendix A.5.1); those event weights were alulated during the
prodution aording to the Bartol ux [Agr96℄. The expeted rate for atmospheri eletron
neutrinos was alulated estimating that the rate of atmospheri eletron neutrinos is 16
times smaller than that of atmospheri muon neutrinos for energies below 10TeV and
idential to the atmospheri muon neutrino rate above 1PeV (see e.g. Figure 10.16); in
between, the dierene ∆Φνµ:νe between the two uxes was parameterised as
log10∆Φνµ:νe = −0.45 · log10Eν/GeV+ 2.7, 104GeV ≤ Eν ≤ 106GeV (10.2)
To this approximated rate for NC events, the rate for νe CC had to be added. The results
from the νe CC event sample (see Appendix A.5.2) were used for this. As for the osmi
neutrinos, the rates were again onsidered to be the same for neutrinos and anti-neutrinos.
The rates thus determined an be onsidered as the total expeted rates for shower-type
events from atmospheri and osmi neutrinos in ANTARES. The resulting rates per year
after reonstrution and uts are plotted for isotropi uxes in Figure 10.13, vs. the reon-
struted energy. The osmi neutrino rates exeeds the atmospheri neutrino rate above
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∼ 50TeV.
The rate of atmospheri muons, again versus the reonstruted energy, is shown in blue,
after the uts whih were also applied to the neutrino samples. The rate drops to zero
above ∼ 20TeV, sine no events remain in the sample above this energy. This may be due
to statistis; note, however, that espeially the high-energy atmospheri muons are very
strongly suppressed by the ut on ξ (see Figure 9.2). Nevertheless, the atmospheri muon
rate may be underestimated.
In Figure 10.14, the rates for events whih were reonstruted as upgoing are shown. For
the seleted energy region of Ereco > 5TeV, the neutrino ux exeeds the atmospheri
muon ux in all energy bins shown. It an therefore be onluded that a reliable detetion
of neutrino-indued shower events will be possible in this energy region.
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Figure 10.13: Rates for isotropi shower events: atmospheri muons (blue) and atmospheri (blak) and
osmi (red) neutrinos versus the reonstruted energy.
From the bakground rates shown in Figure 10.13, one an dedue an upper limit of
the experiment for a diuse ux, as has been desribed in Setion 3.3.2. Above 20TeV,
no atmospheri muons are present in the sample. The osmi neutrino rate exeeds the
atmospheri neutrino rate above 50TeV. The atmospheri neutrino rate above this energy
is 0.70/year. The number of events to rejet the bakground-only hypothesis at a 90%
ondene level for the expeted bakground rate is [Fel98℄ N = 3.77. A parameterisation
of the total eetive area for shower events as a funtion of the neutrino energy, needed
for the alulation of the ux limit, is shown in Figure 10.15. Assuming a osmi neutrino
ux proportional to E−2, one reeives, aording to equation 3.16 and the quoted number
of events, a ux limit of
E2νΦ90% = 1.7× 10−7GeV m−2 s−1 sr−1 (10.3)
after the uts mentioned above.
The result from equation (10.3) an be ompared to the ux limit to shower events of the
AMANDA detetor [AMA04a℄, where the expeted bakground above ∼ 50TeV is 0.90+0.69−0.43
atmospheri muon events, and 0.06+0.09−0.04 atmospheri neutrinos, assuming a dierent model
130 Chapter 10. Results of the Reonstrution
 [GeV] )reco ( E10log
4 4.5 5 5.5 6 6.5 7
n
u
m
be
r o
f e
ve
nt
s 
pe
r y
ea
r p
er
 b
in
-410
-310
-210
-110
1
10
 rate after cutsmatm. 
 rate after cutsnatm. 
 rate after cutsn -2E
Figure 10.14: Rates for upgoing shower events: atmospheri muons (blue) and atmospheri (blak) and
osmi (red) neutrinos versus the reonstruted energy.
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Figure 10.15: Total eetive area for isotropi shower events, and t used for ux limit estimations.
for the onventional ux [Lip93℄ and disregarding the prompt neutrino ux beause of its
large unertainties [Kow04℄. In the analysed data taken in 2000, one event remains after
the uts. The authors derive from this an upper limit for the ux of neutrinos of all avours
in AMANDA of
E2νΦ90%
AMANDA = 8.6× 10−7GeV m−2 s−1 sr−1, (10.4)
at 90% ondene level, assuming a mean bakground of 0.96 events. This limit is approx-
imately a fator of 5 higher than the result retrieved in this study, whih may point to an
underestimation of the atmospheri muon ux; however, also the eetive areas presented
in this study are larger by about a fator of 2 than those shown in [AMA04a℄.
The ux limit derived here is shown in omparison to other measured and expeted rates in
Figure 10.16. It is around a fator 2.2 above the ux limit for harged νµ events expeted
in ANTARES for the same measurement period [Zor04℄ (grey line marked ANTARES µ
1 year). See Figure 4.15 in Setion 4.6 for an explanation of the experimental limits, and
Figure 3.10 in Setion 3.3.4 for a desription of the theoretial preditions.
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Figure 10.16: Flux limits for isotropi (drawn red line) and upgoing (dashed red line) shower events in
ANTARES, as determined in this study, in omparison to results for other event types or experiments.
See Figure 4.15 in Setion 4.6 for a desription of the other limits.
As the angular resolution of the shower reonstrution is about 2◦ above some 10TeV after
the uts, only upgoing events an be onsidered as well. Both the events from sample B
and the νe CC events were produed with isotropi neutrino distributions, and therefore,
the original number of upgoing neutrinos was onsidered to be half of the total number of
events produed. The eetive areas for upgoing events an then be determined, and from
this and from the expeted bakground rates, the expeted ux limit for upgoing events
an be alulated. The eetive areas from whih the upgoing ux limit was retrieved are
shown in Figure 10.17, for NC events (left) and νe CC events (right), in omparison to
the eetive areas of isotropi events. While the eetive area for neutrino energies below
∼ 100TeV is slightly larger for upgoing events beause of their better reonstrutibility,
above this value, the eetive area attens beause of the opaqueness of the Earth (see
Setion 3.2.2). Consequently, also the ux limit for the highest energy bins, as well as
the overall ux limit, will be worse for the upgoing events than for the events distributed
isotropially.
As for the isotropi events, the energy-independent ux limit of the upgoing events was
alulated by parameterising the eetive area in the relevant energy region. The param-
eterisation funtion of the total eetive area for upgoing shower events as a funtion of
the neutrino energy, for energies above 5TeV, is shown in Figure 10.18.
From Figure 10.14, the expeted atmospheri neutrino bakground above 50TeV is 0.35
events per year, and the atmospheri muon bakground above 50TeV is negligible, so that
the ase of zero measurement an be onsidered, whih yields a maximum number of 2.12
events for the expeted bakground rate at 90% ondene level [Fel98℄. For this ase, one
reeives an energy-independent ux limit of
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Figure 10.17: Eetive areas for NC events (left) and νe CC events (right), for isotropi events (blak lines)
and for upgoing events (red lines).
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Figure 10.18: Total eetive area for upgoing shower events, and t used for ux limit estimations.
E2νΦ90%
up = 3.6× 10−7GeV m−2 s−1 sr−1, (10.5)
a slightly larger value than for the isotropi neutrino ux, and around a fator 4.7 larger
than the expeted ANTARES ux limit for νµ CC events. The ux limit for upgoing events
is shown in Figure 10.16 as dashed lines.
Conlusion
The feasibility of reonstruting neutrino-indued showers with a preision of down to
2◦ in angular resolution has been demonstrated. A number of uts had to be applied
to suiently suppress the atmospheri muon bakground; the ux expeted from this
bakground lies now below the neutrino ux, for energies above 20TeV for isotropi, and
above 5TeV for upgoing events, so that it is possible to study the diuse neutrino ux
above these energies. Sensitivities both for isotropi and upgoing shower events have been
alulated, and they are found to be around a fator 25 above the ux limit for harged νµ
events expeted in ANTARES for the same measurement period [Zor04℄ (grey line marked
µ one year in Figure 10.16). This ratio agrees well with the rough ux limit estimation
given in Setion 3.3.3, where a deterioration of a fator 5 was predited. It an therefore
be onluded that the shower reonstrution strategy adds an important, independent
ontribution to the measurable neutrino ux in ANTARES.
Chapter 11
Summary and Outlook
This thesis is devoted to the reonstrution of shower-type events with the ANTARES
detetor, a neutrino telesope that is urrently being installed in a depth of 2400m in
the Mediterranean Sea. The main objetive of ANTARES is the detetion of high-energy
osmi neutrinos that are presumably produed in astrophysial objets like Supernova
Remnants, Ative Galati Nulei or Gamma Ray Bursts. The detetion of these neutri-
nos will permit a new insight into the physis of these objets. Neutrinos are deteted by
measuring the Cherenkov light signal that is aused by the harged seondary partiles of
a neutrino interation with matter, in this ase, the water of the deep sea. The amplitudes
and timings of the light signals are measured in photomultiplier tubes inside Optial Mod-
ules, whih are installed overing a volume of ∼ 0.03 km3. From the signals, the diretion
and energy of the neutrinos are to be reonstruted.
Depending on the type of neutrino interations, dierent seondaries an be generated,
and dierent strategies must be used to reonstrut them. This thesis deals with the re-
onstrution of neutrino-indued showers, both hadroni and eletromagneti. Showers are
present in all neutrino interations, and there are two types of reations for whih they are
the only detetable objets: Neutral urrent (NC) interations and harged urrent (CC)
eletron neutrino interations. It has been shown in this thesis that both event types an
be reonstruted using the same strategy.
Neutrino telesopes are usually optimised on the reonstrution of muons from CC muon
neutrino interations. In these events, a muon and a hadroni shower are produed in the
interation of the neutrino with the ambient matter. For the onsidered energies above a
few 100GeV, the muon has a path length of 1 km or more and its diretion an be reon-
struted to a preision of a few tenth of a degree. Showers, on the other hand, our on
a relatively small sale with respet to the spaing of the Optial Modules in the detetor
 the typial length of a shower is 10m, while the distane between the Optial Modules
of the detetor is 14.5m in vertial, and 60 to 75m in horizontal diretion. Therefore, the
diretional harateristis of a shower annot be resolved well in the ANTARES detetor,
so that a sub-degree angular resolution, as reahed for muons, is not ahievable for showers.
On the other hand, sine the showers have onsiderably small dimensions, almost the entire
amount of light produed in the shower an be deteted, whih makes the reonstrution
of the shower energy muh less problemati.
A strategy to reonstrut the shower diretion together with the shower energy has been
developed in the ontext of this thesis. The rst reonstrution step is the determination
of the position of the shower maximum, whih is alulated assuming an isotropi emission
of light. Diretion and energy are then determined using a pattern mathing algorithm:
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The signal amplitudes that have been measured in the Optial Modules of the detetor are
ompared to those that are alulated assuming spei values for shower diretion and
energy, taking into aount the angular eieny of the photomultipliers, the absorption
of the photons in water and the energy dependent angular distribution of the photons with
respet to the shower axis. Diretion and energy are then determined using log-likelihood
optimisation.
The reonstrution of the shower events yields an overall median of the diretional error
of the shower about 10◦, both for NC and νe CC events, for reonstruted energies above
5TeV. The width of the peak in the logarithmi shower energy resolution is ∼ 0.19 whih
means that the shower energy an be determined to a fator of 100.19 ≈ 1.5. Some addi-
tional quality uts whih proved to have a high ombined eieny and purity have been
applied to the data samples. The ombined eieny of all uts it at about 70%. After
the uts, the reonstrution of the shower energy improves to a fator of 100.16 ≈ 1.4. The
diretional resolution improves to 3.5◦, with values at 2◦ for energies of about 100TeV.
Sine the bakground dominates the neutrino signal below ∼ 50TeV (see below), the re-
onstrution algorithm is optimised to the energy region above this value.
When deduing the neutrino energy from the shower energy, it must be taken into aount
that for NC events, a part of the primary neutrino energy is arried away by the outgo-
ing neutrino. This fration ould be determined statistially, but as NC events will not be
distinguishable in the experimental data from νe CC (for whih the shower energy is equiv-
alent to the neutrino energy), it was preferred for this study to regard the reonstruted
shower energy a priori as a lower limit for the primary neutrino energy.
The results presented here were obtained assuming the saturation of the photomultiplier
eletronis at 200 photo-eletrons. However, the data taking mode whih would enable this
high saturation level is very bandwidth-onsuming. It has been found that under the as-
sumption of a saturation at 20 photo-eletrons, whih is the saturation level orresponding
to the default data taking mode in ANTARES, the resulting resolution below 70TeV is
slightly better than for a higher saturation, beause the large utuation eets that our
at these smaller energies are damped by the lower amplitude saturation. For higher ener-
gies, the lower saturation leads to a slight deterioration in the angular resolution, whih
beomes about 3◦ larger than the resolution ahieved for the saturation at 200 pe. The
energy resolution shows very similar results for both saturation levels.
As the ANTARES detetor is not built in a sterile surrounding, but in natural salt wa-
ter, the Optial Modules are exposed to onstant optial noise from
40
K deays and from
bateria bioluminesene. The bakground an be suppressed by applying lter onditions
on the signals in the individual Optial Modules, onerning the ausal onnetion of the
signal with the signals in the other Optial Modules, and the size of the signal amplitude.
The lter works most eiently for events with shower energies above ∼ 10TeV.
A seond type of bakground originates from high-energy partile interations aused by
atmospheri muons and atmospheri neutrinos.
Atmospheri muons are a dangerous bakground to neutrino-indued showers if they annot
be learly identied as muons, either beause they undergo strong bremsstrahlung losses
from whih an eletromagneti asade is produed, or beause they our as multi-muon
bundles. Over 99% of the atmospheri muon bakground are suppressed by some quality
uts; the bakground beomes negligible above 20TeV.
Atmospheri neutrinos are an insuppressible bakground to osmi neutrinos; the latter
an only be identied by deteting an exess of events over the atmospheri neutrino spe-
trum.
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Due to the bakground of atmospheri neutrinos, whih dominates the signal of shower
events from osmi neutrinos below ∼ 50TeV, the detetion of an isotropi, diuse osmi
ux is only possible above this energy. The expeted isotropi rate for atmospheri neutri-
nos above this energy was determined as 0.70/year. At a 90% ondene level and under
the assumption of the detetion of one bakground event, this yields an energy-independent
upper limit on the osmi neutrino ux of
E2νΦ90% = 1.7× 10−7GeV m−2 s−1 sr−1
for one year of data taking in ANTARES, assuming that the osmi neutrino ux is propor-
tional to E−2. If only upgoing events are onsidered, the atmospheri muon bakground
(onsisting of downgoing events whih have been misreonstruted as upgoing) above 5TeV
is negligible, and the atmospheri neutrino rate is 0.35/year. The orresponding upper limit
on the osmi neutrino ux for one year of data taking in ANTARES, assuming no event
detetion at all, beomes then
E2νΦ90%
up = 3.6× 10−7GeV m−2 s−1 sr−1.
These ux limits are about a fator 25 larger than those predited for the CC muon neu-
trinos in ANTARES, due to the smaller eetive area for shower events.
While all other reonstrution strategies for the ANTARES detetor are intended for CC
muon neutrino events, the strategy introdued here allows now to also reonstrut shower
events. It therefore loses an important gap in the ANTARES event reonstrution, as now
the reonstrution of all event topologies is possible, and the aess to events whih were
unreonstrutible until now is permitted. The detetable neutrino ux for the ANTARES
detetor has therefore been signiantly inreased.
The shower reonstrution ould also lead to an important improvement in the reonstru-
tion of the neutrino energy for νµ CC events, if the event has taken plae lose enough to
the instrumented volume for the hadroni shower to be deteted as well. In this ase, the
muon and the hadroni shower ould be reonstruted separately and the results ould be
ombined afterwards.
In priniple, the strategy introdued here is adaptable to other experiments as well; the
parameterisations used have been tuned to the ANTARES detetor, but ould be tuned
to other detetors as well. For experiments at sites with a signiantly shorter sattering
length, like IeCube, the strategy is probably not appliable, beause the diretional har-
ateristis of the Cherenkov photons of the shower are deteriorated too strongly to permit
a reonstrution.
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Appendix A
ANTARES Event Simulation
Pakages
In this appendix, the software hain for the prodution of ANTARES Monte Carlo (MC)
events is desribed, as far as it was used for the presented study. The MC prodution is
usually divided into four parts: The interation of the neutrino, whih is simulated with
genhen, see Setion A.1; the propagation of seondaries and the prodution of Cherenkov
light, for whih geasim is used in the ase of non-muoni events, see Setion A.2; the
seletion of physis hit from noise hits, for whih a software lter is used, see Setion A.3;
and nally the event reonstrution, whih is done with reo, see Setion A.4.
The hapter loses with a desription of the dierent data samples used for this study in
Setion A.5.
A more detailed summary of the ANTARES simulation tools an be found in [Bru03℄.
As the main part of this work, the ShowerFitter, a reonstrution pakage for showers,
was developed within the reo frame. The physial and mathematial bakground of this
shower reonstrution is desribed separately in Chapter 8.
A.1 Monte Carlo Event Generation: genhen
Genhen [Bai00, Kuz04℄ is an event generator for ANTARES events written in Fortran.
From version v6 upwards, the generation of events from all neutrino avours is supported.
To generate NC or νe CC events using genhen, the user denes a ylindrial objet alled
an within whih the events are generated
1
. Depending on the event type, the an extends
up to a few hundred metres beyond the instrumented volume, but for the generation of
shower events, whih have a relatively short range, an extension of a few absorption lengths
is suient. If a νµ CC event is generated, the shower that aompanies the µ is only writ-
ten into the genhen output if it ours lose enough to the detetor to be measured; else,
only the single muon is displayed.
The neutrino interations are simulated using the LEPTO [Ing97℄ pakage for the deep in-
elasti sattering and the RSQ [Bar87℄ pakage for resonant and quasi-elasti events. The
CTEQ parton distribution funtions [Lai95℄ are used as default; the most reent version
whih an be used is CTEQ6D. The hadronisation is done using PYTHIA/JETSET [Sjo94℄.
1
The an is also dened by the user for νµ CC events; however, for this event type the neutrino
interations take plae outside the an and the muons are propagated until they are either stopped or have
reahed the an.
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The neutrino energy range in genhen is valid from the lower energy threshold of the dete-
tor, a few dozen GeV, up to 1EeV. However, due to unertainties in the struture funtions,
the total unertainty in the neutrino ross setion exeeds 10% at 100 PeV; and for neutrino
energies above 1 PeV, also the results from PYTHIA and JETSET, whih are originally
intended for partile aelerator physis, and therefore tuned for lower energies, might be
wrong.
The output of genhen onsists of the primary neutrino, its kineti properties and the posi-
tion of the interation vertex, plus the position, diretion and energy of the long-lived se-
ondaries that were produed by the interation. For seondaries with a lifetime . 10−11 s,
the respetive deay produts are displayed in the output instead.
The program also alulates and displays event weights whih take into aount the ab-
sorption probability of neutrinos on their passage through the Earth, and gives event rates
for an assumed neutrino ux.
A.2 Partile Traking and Light Generation: geasim
In the ANTARES software hain, the traking of partiles other than muons is done with
the geasim pakage [Gea00℄ whih is based on GEANT 3.21 [Gea93℄. All relevant physis
proesses that an our during the passage of partiles through a medium are taken into
aount. At eah traking step of eah partile, a Cherenkov one is produed; if an OM
lies within the rays of light from the one, a hit is produed, whose amplitude is alu-
lated aording to the photon density on the one, using Poissonian statistis. The the
harateristis of the PMTs, like quantum eieny, angular eieny or the transmission
oeient of the glass sphere are taken into aount as well, as is the wavelength-dependent
attenuation of light in water (see Setion 4.4). However, sattering eets are not simu-
lated; the number of photons is only damped aording to the attenuation length.
The radial size of the shower is negleted in geasim as it is only a few m. Monte Carlo
studies have shown that the angular distribution of the Cherenkov light with respet to the
shower axis is not energy-dependent for eletromagneti showers (see Setion 5.2). There-
fore, this distribution has been parameterised to save CPU time. For hadroni showers,
however, the distribution is energy-dependent; it is subjet to large utuations and there-
fore no parameterisation is done. It is thus neessary to trak every single partile in the
shower down to the Cherenkov level. This is very time-onsuming, and the CPU time rises
exponentially with energy, as an be seen in Figure A.1, where the average CPU time for
the proessing of one event is shown. The average CPU time was determined by proessing
10 mono-energeti events for eah deade of energy, so utuations are possible, but the
trend is learly visible.
This high onsumption of time makes the prodution of events above ∼ 10PeV a tedious
business. There are also some known errors in the ross setions from GEANT 3.21. The
authors of geasim therefore do not reommend the usage above 100TeV, although events
have been produed within this work up to energies of 100PeV without displaying any
obvious aws other than tehnial ones
2
.
After the event proessing, the output of geasim is added to the event le generated by
genhen. The geasim output onsists of a list of all OMs whih have been hit, the amplitude
2
One tehnial problem was, for example, that the maximum number of traking steps was reahed for
some of the showers produed at the highest energies, whih in onsequene made the program abandon
the traking, so that not all traks were followed down to the Cherenkov level and the event had to be
disarded afterwards.
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Figure A.1: CPU usage of one event in geasim as a funtion of the neutrino energy.
of the hits, their timing, partile of origin and trak of origin. The hit digitisation in the
PMTs is simulated by produing the so alled raw hits from the hits. For this, data taking
harateristis (see Setion 4.3.1) like the ARS integration time of 25 ns, the number of
ARSs and the dead times are taken into aount. The timing information an be smeared
by a Gaussian (as was done for the data used in this study) or a Laplae distribution. The
raw hits do not ontain any MC information any more, as they are intended to be in the
same format as measured signal hits.
In geasim, it is also possible to add optial bakground. To do this, the user denes the
required bakground frequeny; geasim will then add random single photon hits to the
events aording to that frequeny.
A.3 Hit Seletion: Software Filter
For real data, a software trigger will be used to deide whether the detetor has measured
a physis event or only noise. This trigger ollets hits that are ausally onneted and/or
have a suiently large amplitude; when the trigger onditions are fullled, a physis event
is built. The seletion riteria an also be used as a lter to eliminate noise hits in a MC
event sample, as has been desribed in the hapter on dierent soures of bakground, in
Setion 6.4. In this ase, only the hits passing the lter onditions will be used for further
analysis. If an event, after the lter has been applied to it, does not ontain a suient
number of hits for reonstrution, it will be disarded. In the nal version of the event
simulation, the lter onditions will be applied to the events in a stage between the hit
generation and the reonstrution. For this study, the lter onditions were part of the
reonstrution ode that is desribed in the next setion.
A.4 Event Reonstrution: reo
Reo is the ANTARES reonstrution pakage within whih dierent reonstrution algo-
rithms, the so alled strategies, an be plaed and run. The software in its urrent form was
re-written from the previously existing ode in 1999 by [Cas99a℄. Information on the ode
struture and a olletion of doumentation an be found on the reo home-page [Sto05℄.
There exists also a handbook on dierent reo strategies [Rom01℄ whih desribes some of
the algorithms and their implementation in the ode.
Almost all reonstrution algorithms whih have been developed for the ANTARES dete-
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tor until now are intended for the reonstrution of νµ CC events. There is one strategy
alled BrightPointFitter whih reonstruts the position of a point soure of light by alu-
lating the entre-of-gravity of all hits in an event. The same algorithm is also used for the
reonstrution of the vertex in a shower event, as desribed in Setion 7.1. A reonstrution
strategy for showers has been developed in 2000 by [Ber00℄ but it was never integrated into
the oial ANTARES reonstrution ode.
General Remark on the Data Format
At the writing of this thesis, the standard format of the event les was in ASCII ode.
However, work is going on to hange this into the ROOT [Bru96℄ format, and this proess
will probably be ompleted within the rst half of 2006. The new data format forsees a
striter separation between physis harateristis of an event and harateristis that are
aused by the detetor properties. For example, the onversion from hits to raw hits, and
the addition of optial bakground, will not be done any more within the simulation of the
partile traking and light prodution, but in a separate program devoted for digitisation
and triggering.
A.5 The Monte Carlo Data Samples
This setion desribes the dierent MC data samples that were used for this thesis. Both
NC events and νe CC events have been studied. Atmospheri muon bakground was
studied as well, using events whih were produed within the ANTARES ollaboration.
This setion summarises the harateristis of the used samples: the neutrino energy range
and spetrum, the angular distribution of the neutrino, the optial bakground that was
added and the remaining event numbers after the dierent steps of the reonstrution.
A.5.1 The NC Events
Event Sample A
The Monte Carlo distributions and some of the results shown in this note are based on a
νe NC data sample of 4776 events between 10
2
and 108 GeV, alled event sample A within
this thesis. The neutrino energy spetrum of this prodution is E−1 and the angular
distribution is isotropi over 4π. The sample is available without optial bakground and
with dierent rates of optial bakground, between 60 kHz and 140 kHz, as well. Note
that 60 kHz is the default bakground rate used with this sample, as long as no other
bakground rate is impliitly mentioned in the text. The an inside whih the events were
produed was of about the size of the instrumented volume of the ANTARES detetor,
thus the events an be onsidered to be ontained events.
Event Sample B
Beause the statistis of the above-mentioned event sample A are rather limited, νµ NC
events that were part of a 5× 105 events mass prodution of shower-type events were used
where larger statistis were required. These events are denoted as event sample B. The
events were produed with a neutrino energy between 102 and 107GeV, an energy spe-
trum of E−1 and inside a generation volume that exeeds the instrumented volume by one
absorption length (∼ 55m). The primary neutrinos were distributed isotropially in the
whole 4π solid angle. An optial bakground of 60 kHz was added to these events as well.
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The numbers of events in event sample B, after the dierent stages of event prodution
as desribed in the rst four setions of this hapter, are given in Table A.1. Figure A.2
(top) shows these numbers in relation to the number of originally generated events, again
for the dierent energy bins. As expeted, the perentage of events that survive all pro-
dution stages inreases with inreasing energy, beause the number of produed photons
is proportional to the shower energy, and the lter and reonstrution stages beome more
eient for larger numbers of hits. It should also be noted that the lter eieny is worse
than for the events shown in Figure 6.6 in Setion 6.4.2, beause the events shown there
are ontained events.
neutrino energy
[GeV℄
generated
(Setion A.1)
produing hits
(Setion A.2)
ltered
(Setion A.3)
reonstruted
(Setion A.4)
102 − 103 99633 67266 (67.5%) 1935 (1.94%) 1747 (1.75%)
103 − 104 22623 20000 (88.4%) 5541 (24.5%) 5142 (22.7%)
104 − 105 10318 10000 (96.9%) 5939 (57.6%) 5486 (53.2%)
105 − 106 5040 5000 (99.2%) 4085 (81.1%) 3739 (74.2%)
106 − 107 2465 2457 (99.7%) 2288 (92.8%) 2115 (85.8%)
total events 140079 104723 (74.8%) 19788 (14.1%) 18229 (13.0%)
Table A.1: Numbers of events in event sample B, after the dierent prodution stages. The perentages
given refer to the original number of events (rst olumn).
The sample also ontains event weights for the atmospheri neutrino ux, aording to the
Bartol model [Agr96℄, whih were alulated during the simulation (see Setion A.1). Be-
side the onventional neutrino ux, prompt neutrinos were taken into aount as well,
aording to the studies of [Nau01℄ and using the reombination quark-parton model
(RQPM) [Bug98℄.
A.5.2 The νe CC Events
The νe CC events whih were used for this study were produed within the same mass
prodution and with the same simulation parameters as event sample B of the NC events
(see above). The energy of the primary neutrino lies between 102 and 107GeV. The energy
spetrum used for the prodution is E−1, and the events were produed inside a gener-
ation volume that exeeds the instrumented volume by one absorption length (∼ 55m).
The primary neutrino was distributed isotropially in the whole 4π solid angle. A op-
tial bakground of 60 kHz was added. As for event sample B, event weights for the
atmospheri neutrino ux aording to the Bartol model [Agr96℄ and inluding prompt
neutrinos [Nau01℄ were added as information to eah event.
The event sample was hosen from the mass prodution to be originally of about the same
size as event sample B of the NC events; as all energy of the primary neutrino goes into
showers for this event type, the showers in these events are atually more energeti than
the those in the NC events from the same mass prodution, and thus, a larger number of
events than for the NC events remains in the sample after the dierent prodution stages.
The numbers of events for the dierent energy bins and the dierent stages of prodution
are given in Table A.2. Figure A.2 (bottom) shows these numbers in relation to the number
of originally generated events over the shower energy of the respetive bin. The perent-
age of events that survive all prodution stages rises with inreasing energy; however, the
fration of atually reonstruted events is lower in the highest energy bin than than in the
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seond-highest one, an evidene for the fat that for some of the events, saturation eets
in the OMs keep the reonstrution from onverging.
neutrino energy
[GeV℄
generated
(Setion A.1)
produing hits
(Setion A.2)
ltered
(Setion A.3)
reonstruted
(Setion A.4)
102 − 103 100270 85068 (84.8%) 8326 (8.30%) 7610 (7.59%)
103 − 104 20506 20000 (97.5%) 9774 (47.7%) 9056 (44.2%)
104 − 105 10007 10000 (99.9%) 8224 (82.2%) 7514 (75.1%)
105 − 106 5000 5000 (100%) 4926 (98.5%) 4483 (89.7%)
106 − 107 2757 2757 (100%) 2757 (100%) 2499 (90.6%)
total events 138540 122825 (88.7%) 34007 (24.5%) 31162 (22.5%)
Table A.2: Numbers of events in the νe CC event sample, after generation, hit prodution with geasim,
the lter onditions, and the reonstrution. The perentages given refer to the original number of events
(rst olumn).
A.5.3 The Atmospheri Muon Bakground
For the studies on the suppression of the atmospheri muon bakground that are dis-
ussed in Setion 9.1, a sample of atmospheri muons produed in 2005 at Bologna for
the ANTARES ollaboration was used. The whole data sample is desribed in more detail
in [Mar05b℄. It ontains events with protons, helium, nitrogen, magnesium or iron as pri-
maries interating in the atmosphere, produed within dierent energy and zenith angle
ranges. For the results shown here, only the proton events were used.
For the higher energies, due to the high amount of CPU usage, only about 10% of the
whole prodution were used.
Table A.3 shows the numbers of events in the dierent energy and angular bins for the
used data sample.
zenith angle 0◦ − 60◦ 60◦ − 85◦
energy [TeV/nuleon℄ 1-10 10-100 100-10
5
1-10 10-100 100-10
5
primary protons 108 107 107 108 107 107
approx. equiv. lifetime ∼ 1h ∼ 2.6h ∼ 6days ∼ 1h ∼ 2.6h ∼ 6days
Table A.3: Numbers of events in the dierent energy and angular bins of the atmospheri muon event
sample.
The primary spetrum used was E−2; the air showers from the primaries were produed
using the CORSIKA pakage [He98℄, version 6.203. After the prodution of seondaries
in CORSIKA, the seondary muons were propagated to the detetor with MUSIC [Ant97℄,
and the detetor response was simulated using km3 [Nav99℄. A optial bakground of
60 kHz was also added to the data sample.
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Figure A.2: Number of NC events from sample B (top) and number of νe CC events (bottom) after the
dierent stages of prodution as listed in tables A.1 and A.2, over the shower energy. The event numbers
have been normalised to the respetive numbers of generated events.
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Appendix B
Tehnial Details of the ShowerFitter
Pakage
B.1 Parameters Used for the Reonstrution
Table B.1 lists the xed parameters that were used in the reonstrution, and their values.
Parameter Value Soure/omment
refration index n 1.3499 [Cas99b℄
photon wavelength λ 475 nm minimal absorption
absorption length τ 54.9451m for λ = 475nm, [Cas99b℄
PM saturation 200 pe / 20 pe WF mode / SPE mode
minimum pe threshold 0.3 pe
lter parameters (see Setion 6.4.1):
ausality time window δt 100 ns ondition 1
minimum amplitude Amin 3 pe ondition 2
oinidene time window 20 ns ondition 2
number of oinidenes on one string 2 ondition 3
minimum amplitude Amin,2 1.5 pe ondition 3
minimum number of hit strings 3 lter ondition
Table B.1: List of the values of environmental and data aquisition parameters used in the ShowerFitter.
B.2 Shemati Desription of the Fit
A shemati proess hart of the whole ShowerFitter strategy, its parameters and the
referenes to the desriptions of the respetive steps in the hapters of this work, is provided
in Figure B.1.
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Pret
Estimation of position of shower maximum, see Setion 7.1.
x, y, z
Estimation of diretion, see Setion 7.2.1. φ, θ
Calulation of total photon number Nγ for this diretion,
this position and the measured hits, see Setion 8.1.
Nγ
Fit
San likelihood parameter spae, 15 steps for θ, φ, 5 for Nγ ,
see Setion 8.2.1.
φ, θ,Nγ
Exeute MIGRAD.
φ, θ,Nγ
Normal
onvergene?
yes
no
Abort
Calulate asymmetri parameter errors using MINOS.
φ, θ,Nγ
San neighbourhood of the nal parameter values of
MIGRAD to hek for real onvergene.
φ, θ,Nγ
Better value
of the likelihood
found?
no
yes
exeute MIGRAD one more.
φ, θ,Nγ
Normal
onvergene?
yes
no
Abort
Use HESSE to alulate the ovariane matrix.
φ, θ,Nγ
Covariane Matrix
good?
yes
no
Photon number < 1
or > 1020?
no
yes
Abort
Write out reonstruted parameter values, reonstrution is nished.
Figure B.1: Reonstrution Sheme of the ShowerFitter. The parameters that are determined in the
respetive reonstrution step are listed in the boxes on the right of the gure.
Appendix C
Error Calulations
C.1 Calulation of the Errors on Eieny and Purity
Eieny and purity are both funtions of the form f(n, n1) =
n1
n . As n1 is a subsample
of n, and therefore not independent from it, the error propagation rules annot be used
diretly. Instead, one denes n ≡ n1+n2. The funtion f beomes then f(n1, n2) = n1n1+n2
with the two independent variables n1 and n2. The error on f, σf , an then be alulated
following the Gaussian error propagation rules:
σf =
√(
df
dn1
)2
σ2n1 +
(
df
dn2
)2
σ2n2 (C.1)
=
√(
n2
(n1 + n2)2
)2
· n1 +
( −n1
(n1 + n2)2
)2
· n2
=
√
(n2)2n1
(n1 + n2)4
+
(n1)2n2
(n1 + n2)4
=
√
n1n2(n2 + n1)
n4
=
√
n1(n− n1)n
n2
. (C.2)
If the subsample n1 is equal to n (and therefore, n2 = 0), one an no longer assume that
the statistial error of the variable n2 is
√
n2 (this would always result in σf = 0, no matter
how large or small n is). Instead, one has to take into aount Poissonian statistis: For a
1σ error, (100 - 68 = 32)% of the events lie outside the 1σ area. For the ase of n1 = n,
only the error in one diretion has to be onsidered; the other one is really zero. Therefore,
one has to dene the Poisson distribution suh that 32% / 2 = 16% of the events lie outside
of the urve. 84% should thus lie inside. The normalised Poisson distribution thus should
solve to
∫ t
0
P (x, 0) =
∫ t
0
x0e−x
0!
=
∫ t
0
e−x = −e−t + e0 = 1− e−t = 0.84 (C.3)
❀ t = − ln 0.16 ≈ 1.83 = σn2 . (C.4)
Equation (C.1) therefore beomes
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σf =
√(−n
n2
)2
σ2n2 =
σn2
n
= 1.83/n. (C.5)
C.2 Standard Error on the Median
For the alulation of the standard error on the median, the derivation from the book of
Kendall and Stuart [Ken63, pp.236-237℄ was used:
A frequeny distribution an be desribed by quantiles, i.e. the (m−1) values whih divide
a frequeny distribution into m equal parts (i.e. with an equal number of entries). The
most ommon quantile is the median, whih divides a frequeny distribution into 2 equal
parts.
If a sample of n values distributed aording to a frequeny distribution f(x) is onsidered,
with a fration of pn values below and a fration of qn values above the quantile x1, it an
be shown that the variane V (x1) is given by
V (x1) =
pq
nf(x1)2
. (C.6)
In the ase of the median, p = q = 12 , and therefore V (xm) =
1
4nf(xm)2
, where xm is the
value of the median. Assuming that the distribution is normal with a variane σ2, the
standard error on the median σm beomes
σm = σ ·
√
V (xm) = σ · 1
2
√
nf(xm)
. (C.7)
As xm = 0 for the normal distribution, f(xm) =
1√
2pi
exp{−12x2m} = 1√2pi ≈ 0.399. The
standard error on the median beomes therefore
σm = 1.253 · σ√
n
. (C.8)
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